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About

ECMTB 2022

The 12th European Conference on Mathematical and Theoretical Biology is a joint event
organized by the European Society for Mathematical and Theoretical Biology (ESMTB)
and the Society for Mathematical Biology (SMB). It is supported by the Heidelberg
Cluster of Excellence “Structures” and the MAThematics Center Heidelberg (MATCH).
ECMTB, formerly known as ECMBM (the European Conference on Mathematics applied
to Biology and Medicine) was organized for the first time in Grenoble-Alpes D’Huez in
1991, followed by Lyon in 1993, and Heidelberg in 1996. After 26 years, it returns to
Heidelberg. The event will take place on the University Campus located on the fields
along the Neckar River in three main buildings, where research in Mathematical Biology is
carried out: Mathematikon (housing the Faculty of Mathematics and Computer Science
and the Interdisciplinary Center for Scientific Computing), BioQuant (the Center for
Quantitative Analysis of Molecular and Cellular Biosystems) and DKFZ (the German
Cancer Research Center).

The ECMTB2022 will bring together researchers and students interested in mathematical
modelling with applications to life sciences. The program promises a variety of interesting
presentations on mathematical and computational modelling and methods applied to
an array of biological and medical fields, such as developmental biology, immunobiology,
epidemiology, neuroscience, physiology and oncology, among others. Novel results of these
topics will be presented in 56 minisymposia, 124 contributed talks and 204 posters, as well
as over 50 online posters. The program will be enriched by six keynote talks by prestigious
researchers: Daniel Forger, Julijana Gjorgjieva, Heather Harrington, Roeland Merks,
Benoît Perthame and Padmini Rangamani, presenting cutting-edge results ranging from
developing models in precision medicine, to understanding cell behaviour and collective
pattern formation in developmental biology, and deciphering connectivity patterns and
synaptic plasticity in neuroscience. The scientific meeting will also host talks by three
Reinhart Heinrich Award recipients - Lisa Kreusser, Lukas Eigentler, and Martina Conte
- a Diversity, Equity, and Inclusion (DEI) Panel, a National Science Foundation (NSF)
panel and a meeting with editors from Springer Publishing Company. Posters of virtual
participants will be hosted on our platform and made available to all participants.

The scientific program will be accompanied by a social program which will allow participants
to network informally, while exploring and discovering the beauty of Heidelberg city.
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Scientific Committee Organizing Committee Conference Venue
Maira Aguiar Anna Marciniak-Czochra Im Neuenheimer Feld (INF)
Ruth Baker Vincent Heuveline 69120 Heidelberg
Silvia Cuadrado Diana-Patricia Danciu
Heiko Enderling Saskia Haupt Mathematikon (INF 205)
Hayriye Gulbudak Filip Z. Klawe BioQuant (INF 267)
Torbjörn Lundh Maria Barbarossa DKFZ (INF 280)
Anna Marciniak-Czochra Thomas Stiehl
Robert Planqué Denis Brazke
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Timetable
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Plenary talks

Plenary lectures, 19–23.09.2022

Plenary lectures
(DKFZ Big + streaming Mathematikon )

Monday, 19.09.2022

9:50
Roeland Merks (Leiden University, The

Netherlands)

Cell-based modeling in cell and
developmental biology: from individual cell
behavior to collective pattern formation

Tuesday, 20.09.2022

9:00
Benoit Perthame (Laboratoire J.-L. Lions,

Sorbonne-Université, CNRS, France)
Structured equations in biology; relative
entropy, Monge-Kantorovich distance

9:50
Heather A Harrington (University of

Oxford, UK)
Shape of data in biology

Wednesday, 21.09.2022

9:00
Padmini Rangamani (Department of

Mechanical and Aerospace Engineering
University of California, USA)

Mathematical modeling of cellular
mechanotransduction

9:50
Daniel Forger (University of Michigan,

USA)
New Techniques for Modeling in Precision

Medicine: From GPUs to Wearables
Friday, 23.09.2022

14:30
Julijana Gjorgjieva (Technical University of

Munich; MPI for Brain Research,
Frankfurt, Germany)

Emergence of network connectivity from
biologically plausible synaptic plasticity

rules

Cell-based modeling in cell and developmental biology: from individ-
ual cell behavior to collective pattern formation

Roeland Merks []

Mathematical Institute and Institute for Biology Leiden, Universiteit Leiden, The Nether-
lands
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To form the patterns and behaviors that we see in multicellular development, cells must
carefully coordinate their behavior through biophysical and biochemical cues. It will be
no surprise that I feel that numerical modeling and theory are essential for analyzing the
mechanism of such coordinated, collective cell behavior. To do so, single-cell models
must be sufficiently detailed so they correctly capture essential aspects of individual cells
and do not oversimplify. At the same time, single-cell models must be sufficiently simple
and computationally efficient so they can be upscaled to multicellular systems. Here I
will present a series of our recent hybrid cellular Potts models for modeling individual
cell behavior, and show how these can be used to study the coordinated cell behavior
that is seen in biological development. I will discuss single cell models used to analyze
observations such as anomalous cell migration patterns of immune cells, mechanical
cell and extracellular matrix interactions, and models of anisotropic force generation.
After discussing the evolutionary transition to multicellularity, I will present recent work
on collective cell behavior, in particular models of blood vessel development. I will
conclude by presenting strategies for experimental falsification and iterative correction of
multicellular models. Altogether, I will present the use of cell-based modeling in analyzing
how local cell-microenvironment interactions coordinate cell behavior during multicellular
patterning.

Structured equations in biology; relative entropy, Monge-Kantorovich
distance

Benoit Perthame []

Laboratoire J.-L. Lions, Sorbonne-Université, CNRS, France

Models arising in biology are often written in terms of Ordinary Differential Equations. The
celebrated paper of Kermack-McKendrick (1927), founding mathematical epidemiology,
showed the necessity to include parameters in order to describe the state of the individuals,
as time elapsed after infection. During the 70s, many mathematical studies were developed
when equations are structured by age, size, more generally a physiological trait. The
renewal, growth-fragmentation are the more standard equations.

The talk will present structured equations, show that a universal generalized relative
entropy structure is available in the linear case, which imposes relaxation to a steady
state under non-degeneracy conditions. In the nonlinear cases, it might be that periodic
solutions occur, which can be interpreted in biological terms, e.g., as network activity in
the neuroscience.

When the equations are conservation laws, a variant of the Monge-Kantorovich distance
(called Fortet-Mourier distance) also gives a general non-expansion property of solutions.

Shape of data in biology

11



Heather A Harrington []

University of Oxford, UK

Biological processes are multi-scale. Spatial structures and patterns vary across levels of
organisation, from molecular to multi-cellular to multi-organism. With more sophisticated
mechanistic models and data available, quantitative tools are needed to study their
evolution in space and time. Topological data analysis (TDA) is a computational field
of mathematics that studies the shape of data. The most prominent tool in TDA is
persistent homology (PH), which provides a multi-scale summary of data. Here we present
extensions to the PH pipeline and highlight its utility with concrete case studies.

Mathematical modeling of cellular mechanotransduction

Padmini Rangamani []

Department of Mechanical and Aerospace Engineering University of California, USA

Cell shape and function are tightly coupled at different scales. In this talk, I will focus
on two length scales of cell shape and function — (1) changing the shape of the cell
locally due to curvature generation, relevant for trafficking and (2) impact of cell shape
on mechanotransduction. Using biophysical modeling, I will discuss our recent efforts
on generate membrane curvature due to membraneprotein interactions and the energy
landscape of these deformations. Next, I will discuss how the assembly of membrane-
protein aggregates can impact signaling dynamics of second messengers such as calcium
and cAMP in cells. Finally, as a global example of mechanotransduction, I will discuss how
YAP/TAZ nuclear translocation can be mediated by cell shape and substrate stiffness.

New Techniques for Modeling in Precision Medicine: From GPUs to
Wearables

Daniel Forger []

University of Michigan, USA

The talk will focus on two new computational platforms we have built for precision health
and the models that can be tested on them. The Wearable Data Analysis Platform has
analyzed > 1,000,000 days of minute-by-minute wearable data to predict circadian (daily)
phase and sleep from populations undergoing circadian disruption (e.g., shift workers,
travelers, and students). We will show how our methods can also be used to pre-detect
COVID infection. Our Whole Brain Simulation Platform quickly simulates and visualizes
millions of neurons (e.g., all neurons in the mouse cortex) on a desktop GPU to pinpoint
the contribution of brain regions to overall brain behaviors. We develop new mathematical

12



techniques to make these possible, including a new Kalman Filter using level set methods,
asymmetric particle population density methods to simulate large neural networks, and
hybrid approaches using machine learning and physiological modeling.

Emergence of network connectivity from biologically plausible synap-
tic plasticity rules

Julijana Gjorgjieva []

Technical University of Munich; MPI for Brain Research, Frankfurt, Germany

Neural networks have non-random patterns of connectivity that are needed to implement
different computations and functions in the brain. This non-random connectivity is set up
by mechanisms of synaptic plasticity that change the strength of synaptic connections
between neurons based on the activity of the neurons. These mechanisms can be
formulated into learning rules, which allow us to mathematically characterize their influence
on changes in connectivity as a function of neural activity. I will present two types of
learning rules, one that changes connections between excitatory neurons and enables the
formation of specific connectivity structures called assemblies, and another that changes
the connections from inhibitory to excitatory neurons and enables stable and flexible
learning.

13



Prize talks

Prize talks, Wednesday, 21.09.2022, 11:00–12:40

Winners of the Reinhart Heinrich award
(DKFZ Big)

11:00
Lisa Maria Kreusser (University of Bath,

UK)
Mathematical modelling in biology:

Analysis and numerics

11:30
Lukas Eigentler (University of Dundee,

UK)

Modelling dryland vegetation patterns: the
impact of non-local seed dispersal and
mechanisms of species coexistence

12:00
Martina Conte (Politecnico di Torino,

Italy)
Mathematical models for glioma growth

and migration inside the brain
12:30 Poster prize

Mathematical modelling in biology: Analysis and numerics

Lisa Maria Kreusser []

Department of Mathematical Sciences,University of Bath, UK

The recent, rapid advances in modern biology and data science have opened up a whole
range of challenging mathematical problems. In this talk, I will discuss a class of interacting
particle models with anisotropic interaction forces and the associated continuum limit.
These models are motivated by the simulation of fingerprint patterns, of which large
databases are required in forensic science and biometric applications. The central novelty in
the models I consider is an anisotropy induced by an underlying tensor field. This innovation
does not only lead to the ability to describe real-world phenomena more accurately but
also renders their analysis significantly harder compared to their isotropic counterparts. I
will present a positivity-preserving numerical method for simulating realistic fingerprint
patterns efficiently with the continuum model. I will also outline a mean-field optimal
control algorithm for an inverse problem arising in the context of parameter identification
for biological pattern formation. Going from interaction to transport networks, I will show
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recent numerical results for a biological network formation problem, and I will demonstrate
how similar models can be used in network science.

Modelling dryland vegetation patterns: the impact of non-local seed
dispersal and mechanisms of species coexistence

Lukas Eigentler []

Division of Molecular Microbiology, University of Dundee, UK

Vegetation patterns are a ubiquitous feature of semi-arid regions and are a prime example
of a self-organisation principle in ecology. In this talk, I present bifurcation analyses of two
PDE models to (i) investigate the effects of nonlocal seed dispersal, and (ii) identify a
mechanism that enables species coexistence despite competition for a limiting resource.

First, I present a nonlocal model in which plant dispersal is modelled by a nonlocal
convolution term, motivated by empirical data. Asymptotic analysis of the model is
possible due to a scale difference between plant dispersal and water transport. I show that
a condition for pattern onset in the model can be derived analytically, which indicates that
long-range seed dispersal inhibits the onset of spatial patterns. Results on pattern existence
and stability, obtained via a numerical continuation method, further show a change in
the type of stability boundaries in the pattern’s stability regions as dispersal distance is
varied. This suggests increased resilience of patterns to reductions in precipitation due
to long dispersal distances. Stability results further propose a resolution of a mismatch
between previous mathematical models predicting movement of vegetation patterns and
some field studies reporting stationary patterns.

Second, I reveal that the vegetation’s self-organisation principle also acts as a coexistence
mechanism. I present a multispecies model for two plant species that interact with a sole
limiting resource. A stability analysis of the system’s single-species patterns, performed
through a calculation of their essential spectra, provides an insight into the onset of
coexistence states. I show that coexistence solution branches bifurcate off single-species
solution branches as the single-species states lose their stability to the introduction of
a second species. Moreover, I present a comprehensive existence and stability analysis
to establish key conditions, including a balance between the species’ local competitive
abilities and their colonisation abilities, for species coexistence in the model.

Mathematical models for glioma growth and migration inside the
brain

Martina Conte []

Department of Mathematical Sciences, Politecnico di Torino, Italy
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Gliomas are the most prevalent, aggressive, and invasive subtype of primary brain tumors,
characterized by rapid cell proliferation and great infiltration capacity. Despite the advances
in clinical research, these tumors are often resistant to treatments and recurrence is
the main cause of mortality. We exploit the inherently multiscale nature of tumor
evolution to propose mathematical models that study different aspects of the cell invasion
process in relation to the microscopic and macroscopic scales characterizing it. Great
attention is paid to the integration of biological and clinical data into the mathematical
descriptions with the main aim of increasing the understanding of glioma progression.
The experimental data at hand are obtained from magnetic resonance and diffusion tensor
images of the human brain as well as in-vivo immunofluorescence analysis of protein
distributions. We propose a multiscale framework that incorporates the influence of the
anisotropic brain structures on tumor cell migration and therapy [1] and analyzes the
role of microenvironmental acidity and vasculature in these processes. These models are
capable of reproducing the emergence of hypoxia-related features, which are hallmarks
of glioma progression, and providing insights into the problem of treatment planning [2,
3]. Moreover, we develop an integrated approach based on the experimental data of
protein distributions to investigate the role of cell protrusions in the emergence of tumor
propagation fronts that heterogeneously evolve in relation to environmental changes [4].

References
[1] Conte, M., Gerardo-Giorda, L., & Groppi, M. (2020). Glioma invasion and its interplay
with nervous tissue and therapy: A multiscale model. Journal of Theoretical Biology, 486,
110088.
[2] Conte, M. & Surulescu, C. (2021). Mathematical modeling of glioma invasion: acidand
vasculature mediated go-or-grow dichotomy and the influence of tissue anisotropy. Applied
Mathematics and Computation, 407, 126305.
[3] Conte, M., Dzierma Y., Knobe S., & Surulescu, C. (2022). Mathematical modeling of
glioma invasion and therapy approaches via kinetic theory of active particles. Submitted
[4] Conte, M., Casas-Tintò, S., & Soler J. (2021). Modelling the invasion patterns in the
glioblastoma battlefield. PLoS Computational Biology, 17(1), e1008632.
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Mini-symposia

MS1, Monday, 19.09.2022, 11:00–12:40

Mathematical modeling in radiation oncology – an RRS/SMB minisymposium
(DKFZ Big)

11:00
Carmen Villagrasa (Institute for

Radiological Protection and Nuclear
Safety, Paris, France)

Methods to study the correlation between
the topology of energy transfers and the
biological consequences of exposure

11:25
David Hormuth (University of Texas,

Austin, TX, USA)

Personalizing spatial-temporal forecasts of
high-grade glioma response to

radiotherapy via multi-parametric MRI

11:50
Francesco Cordoni (University of Trento,

Trento, Italy)

The Generalized Stochastic
Microdosimetric Model (GSM2): exploring
different levels of stochasticity in radiation

biophysical modeling

12:15
Mohammad U. Zahid (Moffitt Cancer

Center, Tampa, FL, USA)

Mathematical models of tumor volume
dynamics in response to radiotherapy:

implications of model selection
Investigating the dynamics of many - Mathematical modeling and parameter

estimation for multi-cellular systems (BioQuant SR42)

11:00
Lutz Brusch (Center for Information

Services and High Performance
Computing, TU Dresden, Germany)

Modeling multi-cellular morphodynamic
feedback loops during tissue

morphogenesis

11:25
Jan Hasenauer (Faculty of Mathematics
and Natural Sciences, University of Bonn,

Germany)

Statistical Inference for Computational
Models of Multi-cellular Processes

11:50
Franziska Matthäus (Frankfurt Institute
for Advanced Studies, Goethe University

Frankfurt, Germany)

Towards virtual biological systems - From
image analysis to mathematical

multi-particle models

12:15
Frederik Graw (BioQuant - Center for

Quantitative Biology, Heidelberg
University, Germany)

Analyzing multi-cellular dynamics of
host-pathogen interactions

Boolean networks and related modeling frameworks - Part I:
Model Design and Analysis (BioQuant SR43)
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11:00
Mohit Kumar Jolly (Indian Institute of

Science, Bangalore, India)

Landscape of Epithelial Mesenchymal
Plasticity as an emergent property of

coordinated teams in regulatory networks

11:25
Matthew Wheeler (University of Florida,

USA)
Modularity and Boolean Network

Decomposition

11:50
David Murrugarra (University of Kentucky,

USA)
Asymptotic Results on the Dynamics of
Linear vs Nonlinear Boolean Networks

12:15
Luis L. Fonseca (University of Florida,

USA)
Generating ODE Approximations of Agent

Based Models for Control Purposes
Mathematical biology of signaling and metabolism at synapses

(BioQuant SR44)

11:00
Erik De Schutter (Okinawa Institute of

Science and Technology, Japan)
Modeling the tripartite synapse at the

nanoscale

11:25
Guadalupe Garcia (Salk Institute,

Computational Neurobiology Laboratory,
USA)

A thermodynamically-consistent model for
ATP production in mitochondria

11:50
Geneviéve Dupont (Unit of Theoretical
Chronobiology, Université Libre de

Bruxelles (ULB), Belgium)

Reciprocal regulation of cytosolic Ca2+

signalling and mitochondrial metabolism

12:15
Renaud Jolivet (Maastricht Centre for

Systems Biology (MaCSBio), Maastricht
University, Netherlands)

Energy-efficient information transfer in
brain circuits

Controlling epidemics: the interplay between models and public
health policies (Mathematikon Hoersaal)

11:00

Vincenzo Capasso (ADAMSS (Centre for
Advanced Applied Mathematical and

Statistical Sciences), Università degli Studi
di Milano “La Statale”, Milano, Italy)

Optimal control methods for vector borne
diseases: the case of malaria. Part I:

Mathematical Modelling

11:25
Tom Britton (Stockholm University,

Sweden)

Optimal intervention strategies for
minimizing total incidence during an

epidemic

11:50
Peter Rashkov (Institute of Mathematics
and Informatics, Bulgarian Academy of

Sciences, Bulgaria)

Mathematical analysis of a repellent-based
control intervention for vector-borne

diseases

12:15

Cristiana J. Silva (Center for Research and
Development in Mathematics and

Applications (CIDMA), Department of
Mathematics, University of Aveiro,

Portugal)

Impact of individual behaviors on epidemic
spreading through hybrid mathematical

models

Evolutionary dynamics in structured populations: modelling,
analytics and numerics (Mathematikon A + B)
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11:00 Giulia L. Celora (University of Oxford, UK)
Modelling phenotypic and spatial
heterogeneity in solid tumours

11:25
Jules Guilberteau (Sorbonne Université,

France)

Asymptotic behaviour of an
integro-differential selection-advection

equation

11:50
Fiona Macfarlane (University of St

Andrews, UK)

Evolutionary dynamics in structured
populations: modelling, analytics and

numerics

12:15 Chiara Villa (Sorbonne Université, France)
Modelling the adaptive dynamics of space-
and phenotype-structured populations of

cancer cells
Dynamics of blood flow in microcirculation

(Mathematikon C)

11:00
George W Atkinson (Mathematical
Institute, University of Oxford, UK)

Oscillatory behaviour arising as a result of
stochastic fluctuations in a bistable
microvasculature blood flow network

11:25
Maxime Berg (Center for Nerve

Engineering, University College London,
UK)

Red blood cell distribution in microvascular
networks

11:50

Paul W. Sweeney (Department of Physics,
University of Cambridge, UK; Cancer
Research UK Cambridge Institute,
University of Cambridge, UK)

Simulating the distribution of haematocrit
in vascular tumours

12:15
Romain Enjalbert (Centre for Medical

Informatics, Usher Institute, The
University of Edinburgh, UK)

Effect of vessel compression on red blood
cell partitioning at vascular bifurcations in

a vessel network

MS2, Monday, 19.09.2022, 14:30–16:10

Collective cell migration in cancer growth and spread:
interacting dynamics at multiple spatial scales (DKFZ Big)

14:30 Nadia Loy (Politecnico di Torino)
Direction-Dependent Turning Leads to
Anisotropic Diffusion and Persistence

14:55 Christina Surlescu (TU Kaiserslautern)
Multiscale models for cancer invasion in

heterogeneous environments
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15:20
Stephane Urcun (Universite du

Luxembourg)

Modeling Proliferating and Invasive
Behaviors of Non-Operable Glioblastoma
by Multiphase Reactive Poromechanical

Modeling

15:45 Dumitru Trucu (University of Dundee)
Multi-scale modelling of cancer invasion in

the presence of M1 and M2 tumour
associated macrophages

Multi-scale phenomena in biology: modelling and analysis
(BioQuant SR41)

14:30
Cordula Reisch (Technische Universität

Braunschweig, Germany)
Modeling liver infections with
reaction–diffusion equations

14:55
Linus Schumacher (University of

Edinburgh, UK)
Dynamics of stem cell populations,
mutations, and emergent regulation

15:20
Markus Schmidtchen (Technische
Universität Dresden, Germany)

On tissue-growth models for two species

15:45
Havva Yoldaş (University of Vienna,

Austria)

A probabilistic approach for the long-time
behaviour of some PDE models for
structured population dynamics

Stochastic Modelling of Genetic and Biochemical Systems I
(BioQuant SR43)

14:30

Christoph Zechner (Max Planck Institute
of Molecular Cell Biology and Genetics &
Center for Systems Biology Dresden,

Germany)

Stochastic biochemical networks in
compartmentalized environments

14:55
Lucy Ham (University of Melbourne,

Australia)
Unravelling the correlation structure of

noise in molecular pathways

15:20 Kaan Öcal (University of Edinburgh, UK)
Approximation and Reduction of the
Chemical Master Equation using
Statistical Machine Learning

15:45 Claudia Igler (ETH Zurich, Switzerland)

Assessing the importance of resistance,
persistence and hyper-mutation for
antibiotic treatment success with

stochastic modelling
Mathematics for cell migration under the influence of the microenvironment:

from single cells to populations (Mathematikon Hoersaal)

14:30 Alf Gerisch (TU Darmstadt, Germany)
On the simulation of models of cell

migration involving myopic diffusion and
cell-cell adhesion

14:55 Luigi Preziosi (Politecnico di Torino, Italy) Modelling physical limits in cell migration
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15:20 Juan Soler (University of Granada, Spain)
Mathematical modeling of

contact-mediated signalling in cell
communication

15:45
Min Tang (Shanghai Jiao Tong University,

China)
Self-propelled particles in confined

environment
Mathematical modeling of psychiatric disorders and addiction

(Mathematikon A + B)

14:30
Margaret Brandeau (Department of

Management Science and Engineering,
Stanford University, USA)

Cost-Effectiveness of Treatments for
Opioid Use Disorder: A Model-Based

Analysis

14:55
Jacob P. Duncan (Winona State

University, USA)
A Fast-Slow Dynamical System Model of
Addiction: Predicting Relapse Frequency

15:20

Josefien J. F. Breedvelt (National Centre
for Social Research, London, UK; Dept. of
Psychiatry, Amsterdam UMC, location
AMC, University of Amsterdam, The

Netherlands )

Advancing urban mental health research:
from complexity science to actionable

targets for intervention

15:45
Maria R. D’Orsogna (Dept. of

Mathematics, California State University,
Northridge, USA)

A mathematical model of reward-mediated
learning in drug addiction

Pattern formation in developmental processes
(Mathematikon C)

14:30
Mingfeng Qiu (Laboratoire de Physique de
l’Ecole Normale Supérieure Paris, France)

Actomyosin cables from active mechanical
self-organization

14:55
Moritz Mercker (Institute of Applied
Mathematics, Heidelberg University,

Germany)

Pattern formation in biological tissues -
mechanisms, experiments and mod- els

15:20
Roman Vetter (ETH Zürich, Switzerland;

Swiss Institute of Bioinformatics,
Switzerland)

Spatial precision of morphogen gradients
in tissue patterning

15:45
Camile Fraga Delfino Kunz (Institute of

Medical Biometry and Statistics,
University Hospital Freiburg, Germany)

Mathematical analysis and simulation of a
model coupling (Turing) reaction-diffusion
and chemotaxis and implications for hair

follicle formation in mice

NSF panel
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18:10–19:00 Founding opportunities for Mathematical Biology at the NSF and the NIH
(DKFZ Big)

Zhilan Feng (NSF/DMS/Math Bio)
Joseph Whitmeyer (NSF/SBE/SES)

Han Nguyen (NIH/NIGMS)

MS3, Tuesday, 20.09.2022, 11:00–12:40

Single-cell dynamics and longitudinal landscapes in cancer
drug resistance and clonal evolution, Part I (DKFZ Big)

11:00
Sidhartha Goyal (University of Toronto,

Canada)
Statistical dynamics of tumor initiation

and progression

11:25
Jeremie Roux (University Cote d’Azur
(Nice-Sophia Antipolis), CNRS, France)

Profiling cell decision at the molecular
level, using predictive single-cell dynamics

11:50
Nataly Kravchenko-Balasha (The Institute
of Biomedical and Oral Research, The
Hebrew University of Jerusalem, Israel)

Modeling intra-tumor and inter-patient
signaling heterogeneity in cancer using
thermodynamic-based approaches

12:15
Jonas Braun (Goyal Lab Northwestern

University, USA)

Integrating multimodal information to
predict the memory and fates of cancer

cells
Modeling the female reproductive system at different scales

(DKFZ Small)

11:00

Leopold Franz (Computational Biology
Group (CoBi), D-BSSE, ETH Zurich,

Switzerland; Swiss Institute of
Bioinformatics, Switzerland)

FollicleFinder & FollicleTracker to monitor
ovarian follicle growth and selection in

individual women

11:25

Aurelio A. de los Reyes V (Biomedical
Mathematics Group, Institute for Basic
Science, Daejeon 34126, Republic of
Korea; Institute of Mathematics,

University of the Philippines Diliman,
Quezon City 1101, Philippines)

A model-based hormonal contraception
strategy

11:50
Susanna Röblitz (Computational Biology
Unit (CBU), Departmemt of Informatics,

University of Bergen, Norway)
Modelling ovarian follicle competition
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12:15

Romain Yvinec (PRC, INRAE, CNRS,
Université de Tours, 37380 Nouzilly,

France; Université Paris-Saclay, Inria, Inria
Saclay-Ile-de-France, 91120, Palaiseau,

France)

Time scale separation in life-long ovarian
follicles population dynamics model

Insights on collective migration using agent-based modeling
(BioQuant SR41)

11:00
W. Duncan Martinson (University of

Oxford, UK)

Extracellular matrix remodelling by lead
chick cranial neural crest cells is a major
determinant of robust collective migration

11:25
Stuart Johnston (University of Melbourne,

Australia)
Modelling collective navigation via

non-local communication

11:50
Aashrith Saraswathibhatla (Stanford

University, USA)

Coordinated tractions control the size of a
collectively moving pack in an epithelial

monolayer

12:15
Viktoria Freingruber (Heriot Watt

University, University of Edinburgh, UK)
How cells work together to migrate more

efficiently
Stochastic biochemical reaction networks

(BioQuant SR42)

11:00
Grzegorz Rempala (The Ohio State

University, USA)
Approximating bio-chemical dynamics

using survival models

11:25
Hye-Won Kang (University of Maryland at

Baltimore County, USA)

Determining a computational cell size in
stochastic chemical systems with spatial

patterns

11:50 Radek Erban (University of Oxford, UK)
Chemical reaction networks: systematic
design, noise control, bifurcations, efficient

simulations and identifiability

12:15 Boseung Choi (Korea University)
Statistical inference of hierarchical

Bayesian model for the stochastic chemical
reaction with time delay

Boolean networks and related modeling frameworks - Part II:
The Role of Canalization (BioQuant SR43)

11:00 Claus Kadelka (Iowa State University)
Canalization in gene regulatory networks:

an in-depth analysis

11:25
Luis M. Rocha (State University of New

York at Binghamton)

The effective graph: a weighted graph
that captures nonlinear canalization in

biochemical systems

11:50
Elena Dimitrova (Cal Poly, San Luis

Obispo, USA)
Unraveling the canalizing structure of

Boolean functions
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12:15
Hamza Coban (Koc University, Istanbul,

Turkey)

Minimum sensitivity of nested canalizing
functions and gene networks at the edge

of chaos
Multiscale mathematical models of infectious disease

(Mathematikon Hoersaal)

11:00 James Doran (University of Bath, UK)
From within-host to between-host:
immuno-epidemiological models of

infectious disease

11:25
Francesca Lovell-Read (University of

Oxford, UK)

Assessing the effects of outbreak
interventions in an age-structured
population: what can we learn from

COVID-19?

11:50
Stephanie Evans (Public Health England,

UK)

Estimating the impact of testing and
infection prevention and control measures
on the transmission of SARS-CoV-2 in

English hospitals

11:15
Juliano Ferrari Gianlupi (Indiana University,

USA)

Modeling the effect of dose interval,
potency, and cell-to-cell heterogeneity on

the effectiveness of an antiviral
Non-local models in mathematical biology

(Mathematikon A + B)

11:00
Valeria Caliaro (Laboratoire Jacques-Louis

Lions, Sorbonne Université, France)
Mathematical modeling of regenerative

processes in axolotl spinal cord

11:25
Maria Bruna (University of Cambridge,

UK)
Excluded-volume and order in systems of

Brownian needles

11:50
Carles Falcó (Mathematical Institute,

University of Oxford, UK)
Nonlocal models of cell-cell adhesion and

their Cahn-Hilliard approximation

12:15
Zuzanna Szymańska (University of

Warsaw, Poland)
Bayesian inference of a non-local

proliferation model
Quantitative investigation of the immune system’s functions:

from molecules to organisms, Part I (Mathematikon C)

11:00
Flavia Feliciangeli (Department of Applied
Mathematics, School of Mathematics,

University of Leeds, UK)

Why are cell populations maintained via
multiple intermediate compartments?

11:25

Shabaz Sultan (Department of Tumor
Immunology, RIMLS, Radboud University

Medical Centre, Nijmegen, The
Netherlands)

A parallalized cellular potts model that
preserves system kinetics and enables

simulations at tissue scale

11:50
Kevin Thurley (Institute of Experimental
Oncology, Biomathematics division, Bonn

University Hospital, Germany)

Response-time modeling of immune-cell
interaction networks in acute and chronic

inflammation
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12:15
Hassan (Sam) Jamaleddine (Department
of Physiology, McGill University, Montreal,

Canada)

How the evolving T cell avidity profile
differentially impacts acute vs. chronic

viral dynamics

MS4, Tuesday, 20.09.2022, 14:30–16:10

Single-cell dynamics and longitudinal landscapes in cancer
drug resistance and clonal evolution, Part II (DKFZ Big)

14:30

Qing Nie (Department of Mathematics,
Department of Developmental and Cell

Biology, NSF-Simons Center for Multiscale
Cell Fate Research, University of

California, Irvine, USA)

Multiscale spatiotemporal reconstruction
of single-cell genomics data

14:55
Carmen Ortega Sabater (University of

Castilla-La Mancha, Spain)

Single-cell analysis as a tool to reveal how
phenotypic plasticity shapes tumour

evolution

15:20
Jakob Rosenbauer (Karolinska Institute,

Sweden)
Growth dynamics from scRNAseq inform

tumor-immune co-strategies

15:45
Anja Voß-Böhme (University of Applied
Sciences Dresden, Technische Universität

Dresden, Germany)

Data-driven quantification of stochastic
cell state transitions in tumor cell lines

Recent Progress and Open Frontiers in Turing’s
Theory of Morphogenesis (DKFZ Small)

14:30
Karolina Benkova (University of Edinburgh,

UK)

Optimal control problems for pattern
formation in reaction-diffusion and

chemotaxis systems

14:55
Mohit Dalwadi (University College London,

UK)
Robustness of biological pattern formation
in spatio-temporal morphogen variations

15:20
Chandrasekhar Venkataraman (University

of Sussex, UK)
Pattern formation in cell biology

15:45
Frits Veerman (University of Leiden, The

Netherlands)
Beyond Turing with mechano-chemical

pattern formation
Quantitative investigation of the immune system’s functions:

from molecules to organisms, Part II (BioQuant SR41)
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14:30
Amber M. Smith (Department of

Pediatrics, University of Tennessee Health
Science Center, Memphis, USA)

Modeling immunopathology during
influenza-bacterial coinfection

14:55
Bevelynn Williams (Department of Applied
Mathematics, School of Mathematics,

University of Leeds, UK)

Mathematical modelling of anthrax
infection

15:20
Veronika Zarnitsyna (Department of
Microbiology and Immunology, Emory

University, Atlanta, USA)

Estimating waning of vaccine-induced
immunity and protection

15:45
Michal Or-Guil (Systems Immunology Lab,

Department of Biology,
Humboldt-Universität zu Berlin, Germany)

Advancing discovery of clinical knowledge
by exploitation of functional antibody

landscapes
SMB Writing Groups: Showcasing the research of one group to highlight the role of writing

groups in the development of early-career researchers. (BioQuant SR42)

14:30
Shelby M. Scott (University of Tennessee,

Knoxville. Guidehouse, LLP)

COVID-19 and crime: Analysis of crime
dynamics amidst social distancing

protocols

14:55

Jessica Crawshaw (The University of
Oxford, The Mathematical Institute; The

University of Melbourne, School of
Mathematics and Statistics)

Examining the mechanical forces driving
vascular regression using a
fluid-structure-growth model

15:20
Joan Ponce (University of California, Los

Angeles)
Realistic model assumptions increase the
applicability of epidemiological models

15:45
Laura F. Strube (Virginia Tech, United

States)

A mechanistic ODE model of the
integrated stress response reveals a
“tug-of-war" motif that produces an

analog-digital response tuned by eIF2B
Bistable genetic switches across time, space, and disciplines

(BioQuant SR43)

14:30
Pau Formosa-Jordan (Max Planck

Institute for Plant Breeding Research,
Cologne, Germany)

A stochastic bistable switch model can
account for variability in seed germination

time

14:55
Daria Stepanova (Laboratorio Subterráneo
de Canfranc, Spain; Centre de Recerca

Matemàtica, Barcelona, Spain)

A method to coarse-grain multi-agent
stochastic systems with regions of

multistability

15:20
Francisco Berkemeier (University College

London, UK)
The dynamics of long-range signalling via

the Notch-Delta pathway
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15:45

Irene Otero Muras (Computational
Synthetic Biology Group. I2SysBio

Institute for Integrative Systems Biology
Spanish National Research Council,

València, Spain)

Detection and Design of Biomolecular
Networks for Cell Decision Making

Disease Models: Modeling, Analysis, and Simulation
(Mathematikon Hoersaal)

14:30 Ben Adams (Bath University, UK)
Some insights into the entwined

eco-epidemiology of Borrelia burgdorferi
and Babesia microti

14:55
Rachel Jennings (Applied Research

Associates, Inc., USA)

A within-host modeling framework for
SARS-CoV-2 infection to support vaccine

strategies

15:20 Jordi Ripoll (University of Girona, Spain)
Evolution of infection transmission prior to

symptom onset

15:45
Gergely Röst (University of Szeged,

Hungary)
Temporal variation of contact structures

during COVID-19 outbreak
Novel techniques for spatial analysis of biological data

(Mathematikon A + B)

14:30
Simon P. Castillo (Centre for Evolution
and Cancer, The Institute of Cancer

Research, UK)

Breast tumour eco-immunology: the
importance of being spatial

14:55
Robert P. Jenkins and Xiao Fu (The

Francis Crick Institute, UK)

Establishment of machine learning models
to classify prostate tumours based on the
extracellular matrix and prostatic stroma

15:20 Joshua A. Bull (University of Oxford, UK)
Mathematical tools for multiscale spatial

analysis of multiplex images

15:45
Jesús J. Bosque (Universidad de

Castilla-La Mancha, Spain)

Using topological data analysis to unveil
traits of interaction among immune cells in

colorectal lesions
Anisotropy and finite-size effects in the emergence of collective behaviour

(Mathematikon C)

14:30 Michael Faran (Tel Aviv University, Israel)
Nonequilibrium driven self-assembly: from

micro to macro-scale

14:55
Jean-François Joanny (Collége de France,

Paris, France)
Mixtures of hot and cold particles

15:20
Laura Kanzler (LJLL Sorbonne Université,

Paris, France)

A model for myxobacteria colonies:
Connecting microscopic to kinetic and

macroscopic scales

15:45
Suvendu Mandal (TU Darmstadt,

Germany)
Crowding-enhanced diffusion of highly
entangled self-propelled stiff filaments
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DEI Panel, Tuesday, 20.09.2022, 16:30–18:10

16:30–17:20 Panel Discussion: Equity of paths into mathematical biology
(DKFZ Big)

Miranda Lynch (Staff Scientist, High-Throughput Crystallization Screening Center,
Hauptman-Woodward Medical Research Institute)

Luis Sordo Vieira (Research Assistant Professor, College of Medicine,
University of Florida)

Aurélie Carlier (Assistant Professor, MERLN Institute for Technology-Inspired
Regenerative Medicine, Maastricht University)

Adam L. MacLean (Moderator,
University of Southern California, USA)

17:20–18:10 Panel Discussion: Building inclusive graduate programs in mathematical biology
(DKFZ Big)

Alun Lloyd (Drexel Professor and Director of the Biomathematics Program
North Carolina State University)

Gibin Powathil (Associate Professor and Deputy Director of Mathematics at the Centre for Biomathematics
Swansea University)

Padmini Rangamani (Professor of Mechanical and Aerospace Engineering at the University of California - San Diego
University of California - San Diego)

Suzanne Sindi (Professor and Chair of the Applied Mathematics Department - Merced
University of California - Merced)

Kara Allum (Moderator
University of Oxford)

MS5, Thursday, 22.09.2022, 11:00–12:40

Mathematical and computational modeling of cancer evolution
(DKFZ Big)

11:00
Khanh Dinh (Department of Statistics,
Columbia University, New York, USA)

Modeling and simulation of cancer
evolution in single cells
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11:25
Thomas O. McDonald (Department of
Data Sciences at Dana-Farber Cancer

Institute, Boston, USA)

Modeling of evolution of resistance to
anti-cancer drugs as an evolutionary

process

11:50
Donate Weghorn (Centre for Genomic
Regulation, The Barcelona Institute of

Science and Technology, Barcelona, Spain)

Probabilistic approaches to inference of
mutation rate and selection in cancer

12:15

Benjamin Werner (Centre for Cancer
Genomics and Computational Biology,
Barts Cancer Institute, Queen Mary

University of London, UK)

Somatic evolutionary dynamics in
hierarchical tissue structures

Physical Determinants of Subcellular Processes
(DKFZ Small)

11:00
Aurélie Carlier (University of Maastricht,

The Netherlands)
Computational modelling of the
fundamental building blocks of life

11:25 Hayley Wragg (University of Sussex, UK)
Reaction-Diffusion Modelling for

morphological patterns in Batteries

11:50
Marko Vendelin (Tallinn University of

Technology, Estonia)

Molecular movement in cardiomyocyte:
how do we use combination of

mathematical models and experiments to
describe diffusion

12:15 Hilary Hunt (University of Oxford, UK)
A transcriptome-guided analysis of phloem

metabolism
Non-local mathematical models for collective migration: insights from analytical methods

(BioQuant SR41)

11:00
Valeria Giunta (School of Mathematics

and Statistics, University of Sheffield, UK)

Detecting stability and multi-stability in
multispecies non-local advection-diffusion

models

11:25
Gissell Estrada-Rodriguez (Department of
Mathematics, Universitat Politecnica de

Catalunya, Barcelona, Spain)

Macroscopic description of non-local
movement of biological systems

11:50
Martina Conte (Department of

Mathematical Sciences, Politecnico di
Torino, Italy)

Non-local kinetic models for cell migration
in multi-cue environments

12:15
Sara Bernardi (Department of

Mathematical Sciences, Politecnico di
Torino, Italy)

Non-local hyperbolic models for
leader-follower systems

The SMB Immunobiology and Infection Subgroup mini-symposium
(BioQuant SR42)
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11:00

Marta Schips (Department Systems
Immunology, Helmholtz Centre for
Infection Research, Braunschweig,

Germany)

How does T-FR limit autoreactivity
despite being outnumbered in the GC?

11:25
Hind Zaaraoui (Inserm and Université de

Paris, France)
Modeling the efficacy of antiviral

strategies in households

11:50
Mario Castro (Instituto de Investigación
Tecnológica (IIT), Universidad Pontificia

Comillas, Madrid, Spain)
BCR-antigen catch bond behavior

12:15
Andrea Cavalli (Institute for Research in
Biomedicine, Università della Svizzera

Italiana)

Modelling human antibody repertoires with
LSTMs

From single cells to populations: models and experiments
(BioQuant SR44)

11:00
Tommaso Bianucci (Center for Systems
Biology Dresden; MPI-CBG, Dresden,

Germany)

Moment-expansion methods for
compartmentalized biochemical systems

11:25
Dimitrios Volteras (Mathematics, Imperial

College London, UK)

Exploring transcription variability along the
cell cycle with metabolic labelling data and

stochastic modelling

11:50
Paul Piho (Mathematics, Imperial College

London, UK)
Modelling selection on stochastic gene

expression in clonal populations

12:15
Chetan Aditya (Inria, Paris, France;

Department of Computational Biology,
Institut Pasteur, Paris, France)

Mechanistic interrogation of stochastic
cell-fate decisions at the single cell level

Modelling of intra- and inter-hospital transmission of multidrug-resistant
Enterobacteriaceae (Mathematikon Hoersaal)

11:00
Mirjam Kretzschmar (University Medical
Center Utrecht, Utrecht University, The

Netherlands)

Relevance of intra-hospital patient
movements for the spread of

healthcare-associated infections: a
mathematical modelling study

11:25
Konrad Sakowski (University of Warsaw;
Institute of High Pressure Physics PAS,

Poland)

On prevalence in healthcare facilities and
modelling of healthcare-associated

infection spread

11:50
Agata Lonc (University of Warsaw,

Poland)

Modelling transmission of drug-resistant
bacteria by hospital-community model with

patient risk groups

12:15
Helena B Stage (Manchester University,

UK)
The role of superinfection in evolutionary

epidemiology
Recent advances in mathematical modelling in neuroscience

(Mathematikon A + B)
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11:00
Mattia Sensi (Inria Sophia Antipolis -

Méditerranée Research Centre)
A generalization of the full SNARE-SM

model

11:25

Panagiotis Kaklamanos (Maxwell Institute
of Mathematical Sciences and School of
Mathematics, University of Edinburgh,

UK)

Geometric singular perturbation analysis of
the multiple-timescale Hodgkin-Huxley

equations

11:50
Annalisa Iuorio (University of Vienna,

Austria)
A new E-GLIF model for hippocampal CA1

pyramidal neurons and interneurons

12:15
Daniele Avitabile (Vrije Universiteit
Amsterdam, The Netherlands)

Bump Attractors and Waves in Networks
of Integrate-and-Fire Neurons

Contribute Talks, Thematic Group: Other
(Mathematikon C)

11:00
Alexander Hoover (Cleveland State

University, USA)
Neuromechanical Wave Resonance in Fluid

Transport

11:25
Wanda Strychalski (Case Western Reserve

University)

Computational modeling of
adhesion-independent confined cell

migration

11:50
Gesa Grüning (Carl von Ossietzky
Universität Oldenburg, Germany)

The influence of dynamical degrees of
freedom on compass sensitivity: A

comparison between plant and migratory
bird cryptochrome

12:15
Pedro Jaramillo (Bordeaux University, IMB,

France)
Mean field model of single cell

electroporation

MS6, Thusday, 22.09.2022, 16:30–18:10

How to get a big picture of cancer? Recent advances in mathematical oncology
(DKFZ Big)

16:30
Thomas Höfer (Division of Theoretical

Systems Biology, German Cancer Research
Center, Heidelberg, Germany)

Stem cell hierarchy and cancer risk

16:55
John Metzcar (Departments of Intelligent
Systems Engineering and Informatics,

Indiana University, USA)

A novel model of multicellular
communication through extracellular

matrix microstructure
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17:20
Bernadette Stolz (University of Oxford,
UK; EPFL, Lausanne, Switzerland)

Persistent homology for the spatial
characterisation of tumour blood vessel

networks

17:45
Matthias Kloor (Department of Applied
Tumor Biology, Heidelberg University

Hospital, Germany)

Cancer-preventive vaccines in Lynch
syndrome

Bridging scales between the cytoskeleton and tissue mechanics
(DKFZ Small)

16:30
Serge Dmitrieff (Institut Jacques Monod,
Université Paris Cité/CNRS, Paris, France)

Cytoskeleton modeling: bridging molecular
details, continuous theory, and experiments

16:55
Dennis Wörthmüller (Institute for
Theoretical Physics, Universität

Heidelberg, Germany )

Modelling optogenetic control of cell
contractility and force propagation in

epithelial tissue

17:20

Alexander Nestor-Bergmann (Department
of Physiology, Development and

Neuroscience, University of Cambridge,
UK)

From molecules to tissues: a multiscale
understanding of active tissue dynamics in

a morphoelastic model

17:45
Gonca Erdemci-Tandogan (Institute of
Biomedical Engineering, University of

Toronto, Canada)

Role of cellular rearrangement time on the
rheology of tissues

Multi-scale and data-driven modeling approaches in ecology, immunology, and epidemiology II
(BioQuant SR41)

16:30
Alun L. Lloyd (North Carolina State

University, USA)

Evaluating the epidemiological impact of
novel genetic control strategies:

Considerations for the design of trials for
endemic infections

16:55

Edward Hill (The Zeeman Institute for
Systems Biology & Infectious Disease
Epidemiology Research, School of Life
Sciences and Mathematics Institute,

University of Warwick, UK)

Possible future waves of SARS-CoV-2
infection generated by variants of concern

with a range of characteristics

17:20
Jennifer Lord (Liverpool School of Tropical

Medicine, UK)

Mechanistic modelling in empirical studies
of arboviruses: from within mosquito

dynamics to between species transmission

17:45
Andrea Pugliese (Department of

Mathematics, University of Trento, Italy)
Epidemic dynamics with multiple strains

and waning immunity
Modeling and analysis of within-host influenza infection and vaccination dynamics

(BioQuant SR42)
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16:30
Molly E. Gallagher (Emory University and
Johns Hopkins University Applied Physics

Lab )

A macroparasite within-host framework
accommodating spatial structure can
recapitulate key aspects of influenza A

infection dynamics

16:55

Michael A. Martin (Population Biology,
Ecology, and Evolution Graduate Program,
Laney Graduate School, Emory University,
Atlanta, GA, USA; Department of Biology,

Emory University, Atlanta, GA, USA)

Leveraging genomic diversity to gain
insights into within-host influenza

dynamics

17:20
Ke Li (School of Mathematics and

Statistics, The University of Melbourne,
Australia)

Using mathematical models to understand
viral pathogenicity of 1918 pandemic and

H5N1 influenza virus infection

17:45 Andreas Handel (University of Georgia)
The impact of seasonal influenza vaccine
dose on homologous and heterologous

immunity
Modelling and Estimation in Mathematical Biology

(BioQuant SR44)

16:30
Prajakta Bedekar (Johns Hopkins

University)
Optimal time-dependent classification for

diagnostic testing

16:55
Rayanne A. Luke (Johns Hopkins

University)

Optimal multiclass classification and class
prevalence estimation with applications to

SARS-CoV-2 antibody assays

17:20
Ryan M. Evans (National Institute of

Standards and Technology)
A Mathematical Model for Biological Field

Effect Transistors

17:45 Luis A. Melara (Shippensburg University)
Optimal Bandwidth Selection in Bio-FET

Measurements
Digital twins in medicine: where we are, where we are heading, and what is needed

(Mathematikon Hoersaal)

16:30
Anna Niaraki (Universitè Paris-Saclay &

INRIA Saclay - Île-de-France)

Development of a virtual Rheumatoid
Arthritis synovial fibroblast for large-scale
dynamic analysis and efficient drug-target

identification

16:55
María Rodríguez Martínez (IBM Zurich

Research Laboratory, Zurich, Switzerland)
Artificial intelligence approaches for cancer

personalized medicine

17:20
Reinhard C. Laubenbacher (Division of
Pulmonary, Critical Care, and Sleep
Medicine, University of Florida, USA)

Mathematics in 21st Century Medicine:
Digital Twins

Brain Rhythms in Health and Disease, Part I
(Mathematikon A + B)
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16:30 Anmar Khadra (McGill University)
Characterizing the underlying dynamics of
traveling waves in area V4 of the visual

cortex

16:55 Axel Hutt (INRIA Nancy - Grand Est)

Impact of transcranial Direct Current
Stimulation on brain networks in the
context of a ketamine-animal model of

psychotic disorder

17:20
Jaroslav Hlinka (Czech Academy of

Sciences)
On complex explanations for complex brain

network dynamics

17:45
Stephen Coombes (University of

Nottingham)

The importance of gap junctions and the
extracelluar space in modelling seizure
dynamics: a new neural mass approach

The Next Frontier in Mathematical Biology: Learning from Complex Biological Data
(Mathematikon C)

16:30

Laleh Haghverdi (Computational
Methodologies and Omic Analytics Group

Leader, Max Delb̈ruck Center for
Molecular Medicine)

Towards Reliable Quantification of Cell
State Velocities

16:55 Smita Krishnaswamy (Yale University)
Grappling with 1060: A

Representation-First Approach for Drug
Discovery and Lead Optimization

17:20
Matthias Streller (University of Applied

Sciences Dresden, Germany)
Image segmentation of irradiated tumour
spheroids by Fully Convolutional Networks

17:45 Ali Heydari (UC Merced, USA)
Towards Interpretable Deep Learning for
Automatic Cell Type and Salient Gene

Identification from scRNAseq

MS7, Friday, 23.09.2022, 9:00–10:40

Modeling inflammation and cancers
(DKFZ Big)

9:00
Natalia Komarova (University of California

Irvine)
Aspirin and Colorectal Cancer

9:25 Doron Levy (University of Maryland)
An Overview of Mathematical Modeling of

Tumor Promoting Inflammation
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9:50 Thomas Stiehl (Aachen University)
Determinants of clonal evolution in blood
cancers – insights from mathematical

modeling

10:15 Yangjin Kim (Konkuk University)
Mathematical Modeling of tumor growth:

OV Therapy
Cell and Developmental Biology Subgroup minisymposium: Spatial cell heterogeneity across scales

(DKFZ Small)

9:10
Léna Guitou (Institute for Integrative
Systems Biology (I2SysBio), CSIC-UV,

Valencia, Spain)

Mechano-signaling waves in epithelial
tissues

9:25
Sabine Fischer (Center for Computational

and Theoretical Biology, Universität
Würzburg, Germany)

Cell differentiation in mouse blastocysts
exhibits complex spatio-temporal patterns

9:50
Vivienne Leech (University College London,

UK)
A modelling framework to describe the
dynamics and scaling of nuclear growth

10:15
Anna Schaar (Helmholtz Zentrum

München, Germany)

Spatial single cell analysis: Leveraging
spatial graphs of cells to understand cell

communication
COVID-19 Across Multiple Scales

(BioQuant SR41)

9:00
Stanca M. Ciupe (Virginia Tech University,

USA)

Modeling within-host and aerosol dynamics
of SARS-CoV-2: the relationship with

infectiousness

9:25
Chapin S. Korosec (York University,

Canada)

Modeling long-term durability of
SARS-CoV-2 immune response from

vaccines and infection

9:50 Libin Rong (University of Florida, USA)
Modeling COVID-19 dynamics: From

within-host to between-host

10:15
Jonathan Forde (Hobart and William

Smith Colleges)

Multiscale Modeling of Interrelated
Dynamics of COVID-19 Vaccination and

Testing Strategies
Multi-scale and data-driven modeling approaches in ecology,

immunology, and epidemiology (BioQuant SR43)

9:00
Joshua Macdonald (Research Assistant,

Department of Mathematics, University of
Louisiana at Lafayette)

Evidence for antibody dependent
enhancement in secondary Dengue via

intermediate cross-reactive antibody level

9:25

Erin Gorsich (The Zeeman Institute for
Systems Biology & Infectious Disease
Epidemiology Research, School of Life

Sciences, University of Warwick)

Modelling endemic Rift Valley fever
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9:50
Amanda Laubmeier (Department of
Mathematics, Texas Tech University)

Ecosystem impacts of feedback between
social and ecological networks

10:15
Simon Gubbins (Transmission Biology,

The Pirbright Institute)

From within hosts to between farms:
modelling the dynamics of foot-and-mouth

disease virus across scales
Dynamical modeling of respiratory virus propagation

(Mathematikon Hoersaal)
9:00 Jane Heffernan (York University) Modelling SARS-CoV-2 immunity

9:25 Julien Arino (University of Manitoba)
Investigating the existence of multiple
epidemic waves with variants and

vaccination

9:50
James Watmough (University of New

Brunswick)
Alternate stable states in immune system

models

10:15
Stacey Smith? (The University of Ottawa,

Canada)
Is a COVID-19 Vaccine Likely to Make

Things Worse?
Sneak peak at the future of mathematical biology: biology-driven

machine learning (Mathematikon A + B)

9:00
Dimitris G. Patsatzis (School of Chemical
Engineering, National Technical University

of Athens, Greece)

System-level understanding in multi-scale
systems: analysis of a pharmacokinetics

model

9:25

Cëlestin Bigarrë (COMPutational
pharmacology and clinical Oncology
Department, Inria Sophia Antipolis –

Méditerranée, Cancer Research Center of
Marseille, Inserm UMR1068, CNRS
UMR7258, Aix Marseille University

UM105, Marseille, France)

Mechanistic modeling of metastatic free
relapse in breast cancer to investigate the
biological impact of diagnosis biomarkers

9:50

Josue Manik Navas Sedeno (Department
of Mathematics, Universidad Nacional
Autonoma de Mexico, Mexico City,

Mexico)

Technique development for the definition
and analysis of discrete biological models

10:15
Simon Martina-Perez (Mathematical
Institute, University of Oxford, UK)

Efficient Bayesian inference for
mechanistic modelling with

high-throughput data
Brain Rhythms in Health and Disease, Part II

(Mathematikon C)

9:00 Niklas Brake (McGill University)
A biophysical model to correct for the

EGG spectral trend

9:25 Jonathan Rubin (University of Pittsburgh)
Oscillations in the basal ganglia in

parkinsonism: delta enters the picture
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9:50 Benoit Duchet (University of Oxford, UK)
A Strategy for closed-loop deep brain

stimulation using multi-contact electrodes

10:15
Richard Gao (University of Tübingen,

Germany)
Mechanistic model inference from

observed neurodynamics
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Contributed talks

CT1 - Monday, 19.09.2022, 16:30–18:10

DKFZ big

16:30
Fabian Froehlich (Harvard Medical School,

USA)

A Mechanistic model of EGFR and ERK
signaling reveals how allostery and rewiring
contribute to RAF and MEK inhibitor

resistance

16:50
Alexander Paul Browning (Queensland
University of Technology, University of

Oxford, UK)

Mathematical, statistical, and experimental
analysis of tumour spheroid structure

17:10

Juan Jiménez-Sánchez (Mathematical
Oncology Laboratory (MOLAB),

University of Castilla-La Mancha, Spain;
Institute of Applied Mathematics in
Science and Engineering (IMACI),

University of Castilla-La Mancha, Spain)

On optimal temozolomide scheduling for
slowly growing gliomas

17:30
Julia Grajek (Nalecz Institute of

Biocybernetics and Biomedical Engineering,
Polish Academy of Sciences, Poland)

An in silico model to study CAIX as a
biomarker for immune checkpoint inhibitor

therapy

17:50
Even Moa Myklebust (Oslo Centre for

Biostatistics and Epidemiology, Faculty of
Medicine, University of Oslo, Norway)

Phenotypic deconvolution in
heterogeneous cancer cell populations

using drug screening data
BioQuant SR41

16:30

Shalu Dwivedi (Deptartment of
Bioinformatics, Matthias Schleiden

Institute, Friedrich Schiller University, Jena,
Germany)

A game-theoretical description of defense
and counter defense in host-pathogen

interactions

16:50 Gil Ariel (Bar Ilan University, Israel) Chaos and Levy walks in swarming bacteria

17:10

Kalle Parvinen (University of Turku,
Finland; International Institute for Applied
Systems Analysis (IIASA), Laxenburg,

Austria)

Evolution of dispersal under
spatiotemporal heterogeneity

17:30
Philip Gerlee (Chalmers University of

Technology, Sweden)

Weak selection and the separation of
eco-evo time scales using perturbation

analysis
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17:50 Giulia Belluccini (University of Leeds, UK)
Multi-type branching processes to study

cell population dynamics
BioQuant SR42

16:30
Philip Pearce (University College London,

UK)

Bacterial quorum sensing in
spatio-temporally heterogeneous

environments

16:50
Francesco Puccioni (Imperial College of

London, UK)
Stochastic modelling of agent-based

populations

17:10
Marie Haghebaert (Université Paris-Saclay,
INRAE, MaIAGE, 78350, Jouy-en-Josas,

France)

Modelling interactions between host and
gut microbiota

17:30
Michael Raatz (Max Planck Institute for

Evolutionary Biology, Germany)

Avoiding extinction or maximising growth?
The impact of treatment on trait
trajectories in evolving populations

17:50 Ezio Venturino (University of Turin, Italy)
Mathematical explanation of

hyperpredation between invasive Eastern
cottontail and native European hare

BioQuant SR43

16:30

Salvo Danilo Lombardo (Department of
Structural and Computational Biology,
Max Perutz Labs, University of Vienna,
Austria; CeMM Research Center for
Molecular Medicine of the Austrian

Academy of Sciences, Vienna, Austria)

A multi-layer network approach to
investigate disease onset across different

tissues and times

16:50
Karen Amaral de Oliveira (IGBMC,

France)

Modelling Transcription Factors Search
and Polymerase Recruitment Dynamics
within a complex chromatin structure

17:10

Hamza Faquir (Computational Synthetic
Biology Group. I2SysBio Institute for

Integrative Systems Biology (UV-CSIC),
Spain)

Optimal Control of Stochastic Gene
Regulatory Networks in Bacterial

Populations.

BioQuant SR44

16:30
Maria Carla Tesi (University of Bologna,

Italy)
Dynamics of proteins in Alzheimer’s
disease: a mathematical model

16:50
Mustafa Sayli (University of Nottingham,

UK)
Effects of delays on neuronal dynamics

17:10
Urszula Foryś (University of Warsaw,

Poland)

Neuronal population model of
decision-making: influence of distributed

delays
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17:30

Qiyao Peng (Leiden University, The
Netherlands; Hasselt University, Belgium;

Delft University of Technology, The
Netherlands)

A Mathematical Model describing Cell
Shape Evolution and the Impact of Cellular
Forces on the Extracellular Matrix during
Cell Invasion through a Flexible Channel

17:50
Yue Liu (Mathematical Institute,

University of Oxford, UK)
Parameter identifiability for extensions of

the Fisher-KPP model
Mathematikon Hörsaal

16:30
Usman Sanusi (Technical University of

Munich, Germany)

Quiescence generates delay and moving
average in a stochastic epidemiological

model

16:50

Md Nurul Anwar (The University of
Melbourne, Australia; Bangabandhu
Sheikh Mujibur Rahman Science and
Technology University, Bangladesh)

Optimal interruption of vivax malaria
transmission using mass drug

administration

17:10
Pauline Clin (INRAE, UMR IGEPP,

France)

Host mixtures for plant disease control:
benefits from pathogen selection and

immune priming

17:30
María Teresa Rodríguez Bernal

(Complutense University of Madrid, Spain)

On the use of time-discretized models as
approximations to continuous-time

epidemic models
Mathematikon A + B

16:30
Benjamin J. Walker ( 1: University College

London, UK)
Multiscale analysis for microscale

swimming

16:50
Torbjörn "Toby" Lundh (University of

Gothenburg, Sweden; Chalmers University
of Technology, Sweden)

Biological image data augmentation using
Möbius transformations

17:10
Ryszard Rudnicki (University of Silesia,

Poland)
Some aspects of mathematical modelling

of cell cycle

17:30
Katarzyna Pichór (University of Silesia,

Poland)
A general model of immune status

17:50
Radosław Wieczorek (University of Silesia,

Poland)
A hybrid stochastic model of retinal

angiogenesis
Mathematikon C

16:30
Roberto Barrio (University of Zaragoza,

Spain)

A dynamical systems analysis of the
generation of early afterdepolarizations in
cardiomyocytes: insights from "in silico"

electrophysiological models

16:50
Sofia Farina (University of Luxembourg,

Luxembourg)

3D Modelling of a Spatially Resolved
Energy Metabolism in Physiological

Astrocytic Morphology
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17:10
Siting Miao (Wolfson Centre for

Mathematical Biology, Mathematical
Institute, University of Oxford, UK)

Modelling IL-2 signalling dynamics on the
individual cell scale

17:30
David M. Versluis (Institute of Biology,
Leiden University, The Netherlands)

Multiscale modelling helps analyze the
effect of colonic mucus types on the infant

gut microbiota

17:50
Magali Ribot (Institut Denis Poisson,
Université d’Orléans, CNRS, France)

Modeling adipocyte dynamics with
differentiation

CT2 - Thursday, 22.09.2022, 09:00–10:40

DKFZ big

9:00
Stefano Pasetto (H. Lee Moffitt Cancer

Center & Research Institute, USA)

Breast Cancer Reaction-Diffusion from
Spectral-Spatial Analysis in
Immunohistochemistry

9:20 Giulia Chiari (Politecnico di Torino, Italy)
A mathematical study of the influence of
hypoxia on tumour growth, phenotypic

heterogeneity and radiotherapy

9:40
Chloe Audebert (Sorbonne Universite,

LJLL, LCQB, Paris, France)

Mathematical model of heterogeneity in
lymphocyte cell counts of CLL patients

under ibrutinib treatment

10:00
Simon Syga (Center for Information
Services and High Performance

Computing, TU Dresden, Germany)

The interplay of spatio-temporal
interactions and evolutionary dynamics

during tumor growth

10:20

Tuğba Akman Yıldız (Oslo Centre for
Biostatistics and Epidemiology, Faculty of

Medicine, University of Oslo, Oslo;
Department of Computer Engineering,
University of Turkish Aeronautical

Association, Etimesgut, Ankara, Turkey)

Modeling aromatase inhibitor treatment in
breast cancer: from mice experiments to a

clinical trial

DKFZ small

9:00
Antony R. Humphries (McGill University,

Canada)
Modeling Iron Metabolism and
Erythropoiesis of Blood Donors
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9:20
Fenja Zell (Instituete of Medical
Engineering, University of Lübeck,

Germany)

Comparison of the fluid-structure
interaction of an airway of a sleep apnea

patient with and without wearing a
protrusion splint

9:40
Marco Bussoletti (Sapienza University of

Rome, Italy)

A continuous mesoscale analysis of
curvature-mediated protein interaction on

lipid membranes

10:00
Andrea De Gaetano (CNR - Consiglio

Nazionale delle Ricerche, Italy)
Fractional stochastic differential models of

glucose control
BioQuant SR41

9:00
Olga Vasilieva (Universidad del Valle, Cali,

Colombia)

Wolbachia invasion in wild mosquito
populations: a modeling framework apt for

different strains

9:20
Fordyce Davidson (University of Dundee,

UK)
Growth arrest in bacterial biofilms: the

pros and cons of self-starvation

9:40
Małgorzata Fic (Max-Planck Institute for

Evolutionary Biology, Germany)
Collective beliefs and trust in structured

populations

10:00

Hannah Götsch (Faculty of Mathematics,
University of Vienna, Austria; Vienna

Graduate School of Population Genetics,
Austria; Vienna School of Mathematics,

Austria)

An infinite sites model for polygenic
adaptation in finite populations

10:20
Lucy Lansch-Justen (University of

Edinburgh, UK)
Quantifying stress-induced mutagenesis

using fluctuation assays
BioQuant SR42

9:00
Dariusz Wrzosek (University of Warsaw,

Poland)
Direct/indirect taxis and pattern formation

in predator-prey models

9:20
Andrew Mair (Maxwell Institute for

Mathematical Sciences, Edinburgh, UK)

Modelling the influence of root-oriented
preferential flow and root architectural
traits on drought resistance in plants

9:40
Ludek Berec (University of South

Bohemia, Czech Republic)
Evolution of hosts and their sexually

transmitted pathogens

10:00
Rodrigo García-Tejera (University of

Edinburgh, UK)
Regulation of stem cell dynamics through

volume exclusion

10:20
Ernesto Berríos-Caro (Max Planck
Institute for Evolutionary Biology,

Germany)

Bottlenecks and antibiotic resistance
evolution: stochastic modelling of

experiments in bacteria
BioQuant SR43

9:00
Luis Sordo Vieira (University of Florida,

USA)

There is blood in the water: modeling the
effects of hemorrhaging in invasive

pulmonary aspergillosis
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9:20
Daniel Rüdiger (Max Planck Institute for
Dynamics of Complex Technical Systems,

Germany)

Modeling the intracellular replication of a
new type of defective interfering particle of
influenza virus with genomic nucleotide

substitutions

9:40
Erwing Fabian Cardozo-Ojeda (Fred

Hutchinson Cancer Research Center, USA)
Mathematical modeling of gene and cell

therapy approaches for HIV cure

10:00
Harsh Chhajer (Indian Institute of Science,

India)

Modelling cellular lifecycle of positive-sense
(+)RNA viruses suggests strategies for
inhibiting productive cellular infection

10:20
Giada Fiandaca (Department of Cellular,
Computational and Integrative Biology
(CIBIO), University of Trento, Italy)

A knowledge-oriented approach to drive
mRNA-vaccine design via QSP modelling

Mathematikon Hörsaal

9:00

Rosemary A. Aogo (Viral Epidemiology
and Immunity Unit, Laboratory of

Infectious Diseases, National Institute of
Allergy and Infectious Diseases, National

Institutes of Health, Bethesda, MD
20892-3203, USA)

Using serological and case data to model
the effect of re-exposure to flaviviruses on

epidemic dynamics in Nicaragua

9:20
Francesca Scarabel (The University of

Manchester, UK)

A renewal equation model for disease
transmission dynamics with contact

tracing

9:40 Zhijun Wu (Iowa State University, USA)
Social Distancing as a Social Dilemma

Game

10:00

Rasmus Kristoffer Pedersen (PandemiX
Center, Department of Science and
Environment, Roskilde University,

Denmark)

Model-based approach for determining
COVID-19 incidence for different testing

intensities

10:20
Thomas Allan House (University of

Manchester, UK)
Mathematical Methods for Large
Community Infection Surveys

Mathematikon A + B

9:00
Matteo Bottacchiari (Sapienza University

of Rome, Italy)

Topological transitions in fluid lipid
membranes: activation energy and force

fields

9:20
Giuseppe Pontrelli (Consiglio Nazionale

delle Ricerche, Italy)
A drug release model for functionally

graded spherical micro-capsules

9:40
Josephine Solowiej-Wedderburn (University

of Surrey, UK)

Working within constraints: Possible
feedback mechanisms for cellular

mechanosensation

10:00 Fraser R. Waters (University of Bath, UK)
Minimal Reaction Schemes Exhibiting

Turing Instabilities
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CT3 - Thursday, 22.09.2022, 14:30–16:10

DKFZ big

14:30

Salvador Chulian Garcia (Department of
Mathematics, University of Cadiz, Spain;
Biomedical Research and Innovation
Institute of Cádiz (INiBICA), Spain)

Persistence homology applied to data from
relapsing leukaemia patients

14:50

Thomas Dombrowski (Department of
Integrated Mathematical Oncology, H. Lee

Moffitt Cancer Center and Research
Institute, Tampa, USA)

Tumor-immune ecosystem dynamics define
an individual Radiation Immune Score to

predict pan-cancer radiocurability

15:10
Subhayan Chattopadhyay (Division of

clinical genetics, Lund University, Sweden)
Chaos dictates clonal landscapes in cancer

model systems

15:30
Anna-Dorothea Heller (Max Planck
Institute of Colloids and Interfaces,

Potsdam, Germany)

A Stochastic Cellular Automaton
Approach for Modeling Bone Metastasis

15:50
Runpeng Li (Department of Mathematics,
University of California Riverside, Riverside,

USA)

Modeling interaction of Glioma cells and
CAR T-cells considering multiple CAR

T-cells bindings
DKFZ small

14:30
Philipp M. Altrock (Max Planck Institute

for Evolutionary Biology, Germany)
Cell-competition and stochastic extinction
in chimeric antigen receptor T cell therapy

14:50

Moriah L. Echlin (Prostate Cancer
Research Center, Faculty of Medicine and
Health Technology, Tampere University,

Tampere, Finland)

Dynamic network analysis of single-cell
data-driven Boolean network models of

prostate cancer

15:10
Dimitrios Katsaounis (University of St

Andrews, UK)

Bridging the gap between individual cell
movement and macroscopic cancer

invasion models

15:30
Daniel James Glazar (Moffitt Cancer
Center & Research Institute, USA)

Dynamically predicting treatment response
using tumor growth inhibition model with

response criteria

15:50
Leonardo Lonati (University of Pavia,
Department of Physics, Pavia, Italy)

Computational model of cell cycle
perturbations on adenocarcinoma cell line

exposed to X-rays radiation
BioQuant SR41

14:30 Tim Rogers (University of Bath, UK)
Fluctuation spectra reveal hidden
structures of ecological networks
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14:50 Prerna Singh (University of Sheffield, UK)
A trade-off between two tolerance

strategies of the host leads to evolutionary
branching

15:10

Robert John Noble (Department of
Biosystems Science and Engineering, ETH
Zurich, Basel, Switzerland; Department of
Mathematics, City, University of London,

UK)

Robust, Universal Tree Balance Indices

15:30 Freya Bull (University of Edinburgh, UK)
A model for the infection dynamics of a

urinary catheter

15:50
Luigi Esercito (Bielefeld University,

Germany)

Lines of descent in a Moran model with
frequency-dependent selection and

mutation
BioQuant SR42

14:30
Cinzia Soresina (University of Graz,

Austria)
Multistability and time-periodic spatial

pattern in the cross-diffusion SKT model

14:50
Toyo Valentina Vignal (Maxwell Institute

Graduate School, UK)
Impact of different destocking strategies

on the resilience of dry rangelands

15:10
Maria Rosaria Mattei (University of Naples

Federico II, Italy)
Modelling the effect of ionic strength on
bacterial adhesion in biofilm formation

15:30
Konstantinos Alexiou (University of St

Andrews, UK)

A stochastic multiscale modelling
framework for the evolution of

phenotype-structured cell populations

15:50
Léonard Dekens (Univeristé Claude

Bernard Lyon 1, France)

Evolution of dispersal during range
expansion: explicit long-time

approximation of sexual species’ spatial
trait distribution

BioQuant SR44

14:30
Prakrati Dangarh (Imperial College

London, UK)

Mechanistic modelling of pre-school
wheezing and progression to school-age

asthma

14:50
Punya Alahakoon (The University of

Melbourne, Australia)

An estimation framework to study
epidemic fade-out using multiple outbreak

data

15:10

Kamil Wołos (Nalecz Institute of
Biocybernetics and Biomedical Engineering

of the Polish Academy of Sciences,
Poland)

Cardiac function assessment in patients
with chronic kidney disease using

subject-specific cardiovascular modeling

15:30
Vaclav Klika (Czech Technical University

in Prague, Czech Republic)

Replacing Donnan theory: Upscaled
Poisson-Nernst-Planck equations in mildly
heterogeneous charged porous media
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15:50
Jessica Crawshaw (The University of

Oxford, UK)

The role of Hierarchical Bayesian inference
in understanding Macular degeneration

treatment strategies
Mathematikon Hörsaal

14:30
Ewan McTaggart (University of

Strathclyde, UK)

The effect of pests and pathogens on
forest harvesting regimes: a bioeconomic

model

14:50
Clotilde Djuikem (Université Côte d’Azur,
Inria, INRAE, CNRS, Sorbonne Université,

BIOCORE, France)

Bifurcation analysis in a coffee leaf rust
epidemiological model

15:10
Augustine Okolie ( Technical University of

Munich, Germany)
Phylogenetic methods for infectious

models

15:30
Andreas Ott (Karlsruhe Institute of

Technology, Germany)

A topological data analysis approach for
the surveillance of emerging adaptive

mutations in the evolution of SARS-CoV-2

15:50
Marcel Fang (Sorbonne Université, France;

Inria, France)

Modelling, Analysis, Observability and
Identifiability of Epidemic Dynamics with

Reinfections
Mathematikon A + B

14:30
Adriana Zanca (The University of

Melbourne, Australia)
Push or pull? Cell proliferation and
migration during wound healing

14:50 Kieran Boniface (University of Surrey, UK)
The roles of different modes of force

generation in tissue engineering problems

15:10
Tessa M. Vergroesen (Institute of Biology,

Leiden University, The Netherlands)

Falsifying computational models of
angiogenesis through quantitative
comparison of in vitro to in silico

endothelial cell networks

15:30
Ross Carter (Sainsbury Laboratory,

Cambridge University, UK)
The Mechanical Control of Differential

Growth in Plants

CT4 - Friday, 23.09.2022, 11:00–12:40

DKFZ big

11:00
Maximilian Strobl (H Lee Moffitt Cancer

Center & Research Institute, USA)
Mathematical model-informed adaptive

cancer therapy
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11:20
Ambika Bhatt (Moffitt Cancer Center and

Research Institute, USA)

Using Patient-Reported Outcome
Dynamics to Predict Response to

Immunotherapy in Non-Small Cell Lung
Cancer

11:40
Jill A. Gallaher (Moffitt Cancer Center,

USA)

Coupling PSA and testosterone dynamics
to better classify tumor resistance in

prostate cancer

12:00
Johnny T. Ottesen (Roskilde University,

Denmark)
Mathematical modeling of inflammation

and blood cancers
DKFZ small

11:20
Richard J. Beck (Moffitt Cancer Center,

USA)
Modelling the evolutionary landscape of

aneuploidy

11:40
Adam L. MacLean (University of Southern

California, USA)

Modeling the stochastic dynamics of
metastatic breast cancer in complex tumor

microenvironments
Mathematikon Hörsaal

11:00
Zhang, Dongni (Stockholm University,

Sweden)
Epidemic models with digital and manual

contact tracing

11:20

Jonathan Hamley (Department of Visceral
Surgery and Medicine, Bern University

Hospital, University of Bern, Switzerland;
Department of Biomedical Research,
University of Bern, Switzerland; Bern

Center for Precision Medicine,
Switzerland)

Infectious disease in the workplace:
Quantifying uncertainty in outbreak size

11:40

James Daniel Munday (Centre for
Mathematical Modelling of Infectious
Disease, London School of Hygiene and
Tropical Medicine, UK; Department of
Infectious Disease Epidemiology, London
School of Hygiene and Tropical Medicine,

UK)

Evaluating the use of cross-sectional
infection and antibody positivity with

social contact data to produce age-specific
forecasts of SARS-CoV-2 incidence

Mathematikon A + B

11:20
Thomas Hodgson (Heriot-Watt University,

UK)
Collective Navigation in Flowing

Environments

11:40
Frederic Alberti (Bielefeld University,

Germany)

The general labelled partitioning process in
action: recombination, selection, mutation,

and more

12:00
Enrico Di Gaspero (Bielefeld University,

Germany)

The Moran Model of population genetics:
a new link between forward-time and

backward-time perspectives
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Mathematikon C

11:00
Maya Mincheva (Northern Illinois

University, USA)
Identifying parameter regions for

oscillations in reaction networks models

11:20
Sam Palmer (Wolfson Centre for

Mathematical Biology, University of
Oxford, UK)

Occam’s razor gets a new edge: the use
of symmetries in model selection

11:40
Laura Cifuentes Fontanals (Freie

Universität Berlin, Germany; Max Planck
Institute for Molecular Genetics, Germany)

Control strategy identification in Boolean
networks

12:00
Erika Tsingos (Mathematical Institute,
Leiden University, The Netherlands)

Modelling mechanical interactions with a
fibrous extracellular matrix using a hybrid

cellular Potts model and molecular
dynamics framework.
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Mathematical modeling in radiation oncology – an RRS/SMB
minisymposium

Heiko Enderling1, Jan Schuemann2

1President, Society for Mathematical Biology, Moffitt Cancer Center, Tampa, FL, USA;
2Vice-President Elect, Radiation Research Society, Harvard/MGH, Boston, MA, USA

Radiotherapy (RT) is the most delivered cancer treatment. Over 50% of all cancer patients
receive RT and it contributes towards 40% of curative treatments. Advances in physics and
radiation delivery techniques have led to the ability to sculpt radiation dose distributions
to hit planning-target structures more accurately while lowering doses to adjacent tissues.
With such high dosimetric accuracy, the next advance to improve RT outcome will come
from cross-disciplinary efforts. The use of mathematical modelling is a relatively recent
addition to cancer research and treatment. It has long been recognized that tumor
growth and treatment response is a complex, non-linear biological phenomenon with
many mechanisms yet to be understood. Despite decades of research, including clinical,
population and basic science approaches, we continue to be challenged by the complexity,
heterogeneity, and adaptability of tumors, both in individual patients in the oncology clinic
and across wider patient populations. Prospective clinical trials predominantly focus on
average outcome, with little understanding as to why individual patients may or may not
respond. The use of mathematical models may lead to a greater understanding of tumor
initiation, growth dynamics and treatment response. In this minisymposium we highlight
latest quantitative advances across the scientific radiation oncology spectrum.

The proposed mini-symposium features a geographically diversity of speakers from France,
Italy, Texas, and Florida. One speaker is female, and one speaker is a person of color. It
is also the first minisymposium organized in coordination with the Radiation Research
Society.

Methods to study the correlation between the topology of energy
transfers and the biological consequences of exposure

Carmen Villagrasa [carmen.villagrasa@irsn.fr]

Institute for Radiological Protection and Nuclear Safety, Paris, France

It is well known that the biological effectiveness of different types of radiation lies on the
topological distribution of the initial energy deposits they produce. Indeed, depending on
the nature and energy of the ionizing radiation, inelastic interactions capable of breaking
molecular bonds occur at different distances at the nanometric scale producing damage
on biological targets of different complexity more or less easy to repair. Although these
effects are known qualitatively, their modeling and quantification is still an object of
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research. In this context, the Monte Carlo method is often used to simulate the stochastic
character of these interactions between ionizing radiation and biological targets in order to
determine the damage produced and its complexity. To do this, two pieces of information
are fundamental: the probability of interaction between the particles/rays and the target
(called interaction cross sections) and a geometric description of the target (often nuclear
DNA) that is sufficiently precise at the scale studied In this presentation we will show
the influence of these two factors in the prediction of irradiation-induced DNA damage
and in particular how to introduce the presence of different chromatin compactions in the
simulation.

Personalizing spatial-temporal forecasts of high-grade glioma response
to radiotherapy via multi-parametric MRI

David Hormuth II [david.hormuth@austin.utexas.edu ]

The University of Texas at Austin

Radiotherapy (RT) is a foundational component of clinical management for high-grade
glioma (HGG) used to target residual and infiltrative disease following surgical resection.
Variability in patient response to radiotherapy can depend on the tumor9́2s underlying
sensitivity to treatment as well as the ability to accurately target the biologically relevant
malignant tissue. To improve patient outcomes, RT treatment plans could be adapted
for individual patients to target tumor sub-regions demonstrating treatment resilience
and higher aggressive potential. Towards this goal, we developed a family of biologically-
based mathematical models of HGG growth and response, which are initialized and
calibrated using patient-specific multi-parametric magnetic resonance imaging (mpMRI)
data [1]. Our family of models is built upon a 3D, two-species model of enhancing and
non-enhancing tumor that describes tumor cell proliferation, diffusion, and treatment
response. Unique to our approach is the use of mpMRI collected weekly during RT
which reports on both tumor extent and cellularity dynamics. Using patient imaging
data collected before treatment onset and weekly up to mid-treatment, we identified
patient-specific tumor growth and response parameters via a non-linear least squares
optimization. These patient-specific model parameters were then used to forecast tumor
growth and response dynamics at the remaining weekly imaging visits during RT. In
an initial cohort of 11 patients, we observed that our computational framework was
able to predict tumor volume at the end of treatment with a mean error of 8.6%. At
the individual voxel-level, our forecasted distribution of tumor growth had high levels of
spatial correlation (mean Pearson correlation coefficient = 0.83) and agreement (mean
concordance correlation coefficient = 0.72). The results of this initial study demonstrates
the ability for image-driven modeling to predict HGG response to RT that with further
development may enable anticipatory adaption of RT.

References
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[1] Hormuth II DA, Feghali KA Al, Elliott AM, Yankeelov T, Chung C. 2021; Image-based
personalization of computational models for predicting response of high-grade glioma to
chemoradiation. Sci Rep. Nature Publishing Group UK; 11 1-14. https://doi.org/10.1038/s41598-
021-87887-4

The Generalized Stochastic Microdosimetric Model (GSM2): explor-
ing different levels of stochasticity in radiation biophysical modeling

Francesco Cordoni [francesco.cordoni@unitn.it]

University of Trento, Trento, Italy

Clinical outcomes collected over the past three decades have suggested that ion therapy
has the potential to be a treatment modality superior to conventional radiation for several
types of cancer. The physical and biological advantages of ions result in a greater sparing
of normal tissues than photons, thus lowering the risk of toxicity, as well as improving tumor
control. Although the results have been encouraging, numerous treatment uncertainties
remain a major obstacle to the full exploitation of particle radiotherapy. Although the last
decades have seen increasing attention to the development of mathematical models to
describe the biological damage due to irradiation, a comprehensive stochastic description
of the radiation-induced DNA damage formation and dynamics is still missing.

To overcome this limitation, we developed a stochastic microdosimetry-based kinetic
model (GSM2, generalized stochastic microdosimetric model). Modeling the probability
distribution of DNA damages, GSM2 provides a general probabilistic framework to
describe damage formation and evolution. One of the most relevant strengths of GSM2
is the capability to efficiently treat several levels of spatio-temporal stochasticity. An
extensive study of the cell survival probability will be also discussed, showing how GSM2
encompasses the standard linear-quadratic model, and in addition, provides a better
ground for mechanistic interpretation.

Mathematical models of tumor volume dynamics in response to ra-
diotherapy: implications of model selection

Mohammad U. Zahid [mohammad.zahid@moffitt.org]

Moffitt Cancer Center, Tampa, FL, USA

There has been much discussion on the implications of different models of tumor growth,
and it is just important to consider the implications of selecting different models for
response to RT. We compare three models of tumor volume dynamics: (1) exponential
tumor growth with RT directly reducing tumor volume, (2) logistic tumor growth with
direct tumor volume reduction, and (3) logistic tumor growth with RT reducing the

52



tumor carrying capacity. For all three models, we: performed parameter sensitivity and
identifiability analyses; investigated the impact of the parameter sensitivity on the tumor
volume trajectories; and examined the rates of change in tumor volume ( V/ t) during and
RT treatment course. In examining the V/ t trends, we coined a new metric - the point
of maximum reduction of tumor volume (MRV) - to quantify the magnitude and timing
of the expected largest impact of RT during a treatment course. Ultimately, the results
of these analyses help us to better understand the implications of model selection while
simultaneously generating many hypotheses about the underlying radiobiology that can be
tested the appropriate pre-clinical or clinical data. The answers to these questions may
enable more appropriate model selection on a disease-site or patient-by-patient basis.
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Evolutionary dynamics in structured populations: mod-
elling, analytics and numerics

Sílvia Cuadrado 1, Tommaso Lorenzi2

1Universitat Autònoma de Barcelona; 2Politecnico di Torino

Mathematical models for the evolution of structured populations complement empirical
research by enabling extrapolation beyond scenarios which can be investigated through
experiments and by revealing emergent phenomena that would otherwise remain unob-
served. Moreover, they pose a series of analytical and numerical challenges which make
them interesting mathematical objects per se. In this mini-symposium, we bring together
a gender-balanced group of 4 researchers, from 3 different countries and at different
stages of their academic career (2 PhD Students, 1 Postdoctoral Fellow and 1 Associate
Professor), who have recently contributed to the development, analysis and numerical
simulation of mathematical models for the evolutionary dynamics of a variety of structured
populations.

Modelling phenotypic and spatial heterogeneity in solid tumours

Giulia L. Celora [celora@maths.ox.ac.uk]

University of Oxford

In cancer, treatment failure and disease recurrence have been associated with tumour
heterogeneity, where cells with different traits (i.e., phenotypes) coexist. Mathematical
modelling is an effective tool to understand how the tumour micro-environment drives
intra-tumour heterogeneity and to identify effective treatment strategies. In this talk, I will
focus on the role that oxygen levels play in the dynamics of a population of tumour cells
structured according to their stem cell propensity. I will introduce a mathematical model
that describes the growth of cancer cells in a well-mixed environment where oxygen levels
are prescribed [1]. By combining dynamic simulations, numerical bifurcation analysis, and
spectral theory, I will characterise the transient and long-time behaviour of the model.

However, in solid tumours, oxygen levels are not homogeneous rather they vary as a result
of the imbalance between oxygen supply and consumption. I will discuss a model extension
that accounts for such spatial heterogeneity [2]. By leveraging numerical bifurcation
analysis, I will show how the inclusion of spatial-heterogeneity shapes tumour composition
and the likelihood of its elimination when compared to growth in spatially well-mixed
environments. If time permits I will also discuss extensions that account for treatment
with radiotherapy.

References
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the growth dynamics and response to radiotherapy of solid tumours under normoxia and
hypoxia”. Journal of Theoretical Biology, 527, 2021.
[2] G. L. Celora, H. M. Byrne, P. G. Kevrekidis. “Spatio-temporal modelling of phe-
notypic heterogeneity in tumour tissues and its impact on radiotherapy treatment”.
arXiv:2110.10105, 2021.

Asymptotic behaviour of an integro-differential selection-advection
equation

Jules Guilberteau [jules.guilberteau@sorbonne-universite.fr]

Laboratoire Jacques-Louis Lions, Sorbonne Universitë, France

Phenotype-structured PDE are widely used in order to model the evolutionary dynamics
of cell populations. These models allow to study, in addition to the population size, a
phenotypic trait (concentration of a molecule, size...). This trait is represented by a
continuous variable x , and we denote by n(t, x) the number of cells with the trait x at
time t.

In this presentation, we are interested in the asymptotic behaviour (when t goes to +∞)
of the following model

∂tn(t, x) +∇x · (a(x)n(t, x)) = (r(x)− ρ(t)) n(t, x) ∀t ≥ 0, x ∈ R
ρ(t) =

∫
R n(t, x)dx ∀t ≥ 0

n(0, x) = n0(x) ∀x ∈ R
,

where the advection term ‘∇x · (a(x)n(t, x))’ models a phenomenon of cell differentiation
(i.e., an evolution of the biological trait of the cells), and the non-local growth term
‘(r(x)− ρ(t)) n(t, x)’ models growth and selection between different traits.

This model has already been studied in the absence of differentiation (a ≡ 0), and it
is proved in this case that a finite number of traits is selected, among the phenotypes
maximizing the fitness function r .

The purpose of this presentation is to establish the long time behaviour of this PDE in
a more general framework. We will present a method allowing to reduce it to analysing
the asymptotic behaviour of parameter-dependent integrals. This method will allow us to
distinguish two regimes of convergence, depending on the functions a, r and n0:

• The concentration around a finite number of points (only a finite number of traits
is selected).

55



• The convergence to a continuous function (a non-countable set of traits is preserved,
following a given density).

Discrete and continuum methods to investigate phenotypic trade-offs
in growing cell populations

Fiona R Macfarlane [frm3@st-andrews.ac.uk]

School of Mathematics and Statistics, University of St Andrews, Scotland, UK

Stochastic individual-based modelling approaches allow for the investigation of complex
biological systems, for example cell populations that exhibit single cell dynamics. These
models generally include rules that each cell follows independently of other cells in the
population. From these models one can derive the continuum limits from the underlying
random walk, providing a deterministic PDE description of these processes to allow for
mathematical analysis. Significant intercellular phenotypic variability is commonly observed
in cellular systems. In light of these considerations, we build upon previous work to develop
models for the growth of phenotypically heterogeneous cell populations. Through both
analysis and numerical simulations of the models we can investigate the role of phenotypic
trade-offs in emergence of complex spatial patterns of population growth. For example,
the trade-off between cell division and cell migration capabilities of cancer cells within an
invading tumour.

Modelling the adaptive dynamics of space- and phenotype-structured
populations of cancer cells

Chiara Villa [villa@ljll.math.upmc.fr]

Laboratoire Jacques-Louis Lions, Sorbonne Université, France

The coexistence within the same tumour of cancer cells that express different phenotypic
characteristics poses a major obstacle to successful anti-cancer therapy and management
of disease relapse. A more in-depth theoretical understanding of the process at the root of
such phenotypic heterogeneity can be achieved through analysis and numerical simulation
of structured-population models. The focus of this talk is on non-local partial differential
equations modelling the adaptive dynamics of space- and phenotype-structured cancer cell
populations. The analytical and numerical results presented shed light on the evolutionary
determinants of intratumour phenotypic heterogeneity in vascularised tumours.
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Investigating the dynamics of many - Mathematical mod-
eling and parameter estimation for multi-cellular systems

Frederik Graw1, Jan Hasenauer2, Lutz Brusch3, Franziska Matthäus4

1 BioQuant - Center for Quantitative Biology, Heidelberg University; 2Faculty of Mathe-
matics and Natural Sciences, University of Bonn; 3 Center for Information Services and
High Performance Computing, Technical University Dresden; 4 Frankfurt Institute for
Advanced Studies, Goethe University Frankfurt

In the last years, biology and the life sciences have experienced the development of
numerous experimental and diagnostic techniques that have increased our ability to
visualize and measure biological processes in various level of detail. Especially the analysis
of multi-cellular systems, as e.g. relevant for organ development or tissue dynamics, has
seen multiple advances with the development of improved microscopy techniques, single-
cell analysis methods and novel experimental systems. Mathematical and computational
modeling are necessary to fully leverage the data arising from these novel techniques.
However, quantitative data raise challenges for models that have originally been designed
for qualitative investigation.

In this mini-symposium we will discuss novel attempts for modeling and parameterizing
multi-cellular systems based on biological data. The speakers will present mathematical
models and computational methods to simulate single-cell and cell population dynamics.
In addition, they will present advanced parameter fitting methods to adapt these models to
heterogeneous biological data. The different contributions will show how these approaches
have improved our understanding on morphogenesis, cell differentiation and the spread
of infections within different tissues. In summary, the mini-symposium emphasizes the
importance of data-driven mathematical modeling for understanding dynamical processes
within multi-cellular systems and presents novel tools for their analysis.

With regard to the invited speakers, our mini-symposium does not particularly address the
aspects of equity and inclusion, as due to the current pandemic situation we especially
focused on speakers that are able to attend the conference. However, we aimed at com-
bining a number of scientists that have shown their ability in developing tools and enabling
their unrestricted dissemination to international researchers from different disciplines and
backgrounds. In this regard, our mini-symposium aims at supporting the intentions of the
SMB/ESMTB by promoting platforms and standards for the international exchange of
research developments.

Modeling multi-cellular morphodynamic feedback loops during tissue
morphogenesis

Lutz Brusch [lutz.brusch@tu-dresden.de]
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Center for Information Services and High Performance Computing, TU Dresden, Ger-
many

Tissue morphogenesis and selforganization during embryo development result from the
interplay of (i) signaling, gene regulation and cell differentiation in the current cell
arrangement coupled to (ii) growth and mechanical rearrangements of the tissue driven by
cellular behaviors. The latter changes in cell arrangement will change the input signals of
cells and therefore yield changes of cell behaviors and mechanics, closing a feedback loop.
For modeling and simulation of such multi-cellular and spatially extended morphodynamic
feedback systems, we present Morpheus as an extensible open-source software framework
[1,2]. Unlike other software, Morpheus keeps the model definition strictly separated from
the simulation code. It uses the domain-specific language MorpheusML to define multi-
cellular models through a user-friendly GUI. MorpheusML enables rapid model prototyping
and can represent the spatial and mechanical aspects of interacting cells in terms of the
cellular Potts model formalism. A numerical simulation is then composed by parsing the
MorpheusML model definition and automatic scheduling of predefined components in the
simulator. This separation of the model from its execution now allows to include Morpheus
into parameter estimation workflows that can automatically apply transformations on the
model by interacting with the model definition in its compact MorpheusML format. Such
workflows include statistical sampling and can further leverage the analysis features of
the modeling language. Moreover, Morpheus supports simulations based on image data,
e.g. segmented cell configurations as initial condition or domain shape or heterogeneous
parameter field, and offers a broad set of analysis tools to extract features and summary
statistics right during simulation. We will demonstrate the application of Morpheus along
examples from blastocyst and zebrafish development [3] to planarian regeneration [4]
and therein highlight the emergent tissue-scale behavior of multi-cellular morphodynamic
feedback loops.

References
[1] Starruß et al. (2014). Morpheus: a user-friendly modeling environment for multiscale
and multicellular systems biology. Bioinformatics 30, 1331.
[2] Morpheus homepage: https://morpheus.gitlab.io
[3] Boutillon et al. (2021). Guidance by followers ensures long-range coordination of cell
migration through α-Catenin mechanoperception. bioRxiv, 2021.04.26.441407.
[4] Vu et al. (2019). Dynamic Polarization of the Multiciliated Planarian Epidermis
between Body Plan Landmarks. Developmental Cell 51, 526.

Statistical Inference for Computational Models of Multi-cellular Pro-
cesses

Jan Hasenauer [jan.hasenauer@uni-bonn.de]

Faculty of Mathematics and Natural Sciences, University of Bonn, Germany
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Mechanistic understanding of multi-cellular biological processes, such as cell proliferation
in a changing biological tissue, requires computational models. While several tools exist
to construct and simulate multi-cellular models, the statistical inference of the unknown
model parameters remains a problem. A key challenge is that for many multi-cellular
models the evaluation of the likelihood function is infeasible.

Approximate Bayesian Computation (ABC) is an increasingly popular parameter inference
method, because it circumvents the evaluation of the likelihood and thus facilitates the
analysis of complex stochastic models. However, the introduced approximation error
is often not clear. Here, we outline how the acceptance step of ABC can be adapted
to achieve exact inference. Based on this insight, we present an efficient adaptive
sequential importance sampling based algorithm applicable to various model types and
noise models.

We evaluated the proposed approach using several models, including ordinary and stochas-
tic differential equations, Markov jump processes, and multi-cellular models. Our re-
sults reveal that the proposed algorithm improves the accuracy of parameter estimates
for a broad range of applications. The HPC-ready implementation in the software
tool pyABC (https://pyabc.readthedocs.io) renders it directly applicable to compu-
tationally very demanding models. The integrated pipeline developed in FitMultiCell
(https://fitmulticell.readthedocs.io/) simplifies this process further for models of biologi-
cal tissues.

References
Yannik Schälte & Jan Hasenauer (2020). Efficient Exact Inference for Dynamical Systems
with Noisy Measurements using Sequential Approximate Bayesian Computation. BioRxiv.
Doi: 10.1101/2020.01.30. 927004

Towards virtual biological systems - From image analysis to mathe-
matical multi-particle models

Franziska Matthäus [matthaeus@fias.uni-frankfurt.de]

Frankfurt Institute for Advanced Studies, Goethe University Frankfurt, Germany

Agent-based models are powerful tools to describe and simulate biological multi-cellular
systems. They consider individual cells as discrete objects, each given as a feature vector.
To model tissue dynamics, the features, such as position or velocity, evolve in time. In our
approaches we use systems of stochastic differential equations to describe the dynamics of
the cell features. These equations are constructed to include mechanical forces between
the cells (adhesion, repulsion, elasticity, mechanotransduction), random and persistent
migration, growth and division, polarity, internal processes or interaction with a dynamic
environment. Simulations are then performed by solving the resulting systems of (often
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several thousand) coupled differential equations numerically. While model fitting for
these systems is very challenging, the models can be well informed by data derived from
time-lapse image processing. In the past years these models have been successfully applied
to demonstrate that the dynamics of multi-cellular systems can often be explained by the
interaction of a small set of mechanisms. And interestingly, while the focus of the life
sciences often lies on gene regulation or intracellular signalling, we can show that the
mechanics of cell-cell interactions can account for many observed behaviours. In the talk I
will present examples in the areas of development, model systems, and disease, show how
relatively simple models can provide insight into the mechanisms underlying multicellular
behaviour, and how important image analysis is for model design.

Analyzing multi-cellular dynamics of host-pathogen interactions

Frederik Graw [frederik.graw@bioquant.uni-heidelberg.de]

BioQuant - Center for Quantitative Biology, Heidelberg University, Germany

The spread of a pathogen within an infected host, as well as the dynamics of counter-
acting immune responses represent a complex dynamical system that involves various
cell types and factors. Identifying the key factors that determine the outcome of an
infection requires to study these multicellular dynamics in physiological-like conditions
which account for tissue-structure and the spatio-temporal interaction of the different
factors. Advances within experimental culture systems, but also live-cell microscopy
techniques, have increased our ability to study host-pathogen interactions in increased
level of detail. However, analyzing these data and getting to a mechanistic understanding
of the various biological processes involved requires an interdisciplinary approach that
combines methods from image analysis, mathematical modeling and improved parameter
inference tools.

By developing an integrative method that uses detailed spatially resolved cellular Potts
models to account for single-cell motilities and molecular dynamics, as well as popula-
tion dynamics models based on ordinary differential equations, we are able to combine
measurements from live-cell imaging and long-term cell population behavior to reveal the
interactive dynamics of infection and immune processes within various tissues. Based on
our method we could show how environmental restrictions shape the spread of HIV-1
within tissue-like conditions and quantify the cell-contact requirements for a successful
transmission of the virus between cells. Furthermore, we are able to assess how local
immune responses inhibit pathogen spread and contribute to the clearance of infection.

Our analyses illustrate the necessity to appropriately account for multi-cellular dynamics
when trying to understand host-pathogen interactions within various tissues.
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Boolean networks and related modeling frameworks - Part I:
Model Design and Analysis

Claus Kadelka

Iowa State University

Boolean network models are a particular type of finite dynamic system, which is widely used
in biological systems such as gene regulation networks. Part I of this minisymposium is
about the design and analysis of Boolean network models and related modeling frameworks
such as agent-based systems. Part II will focus on the biologically important concept of
canalization, which has been mathematically formalized in several, related but distinct
ways.

This minisymposium brings together researchers from three continents and aims to start
and enhance discussion between groups, which work on similar topics such as canalization
and modularity of gene networks. The formation of a new collaboration between some of
the participants would contribute an ideal outcome of this minisymposium.

Landscape of Epithelial Mesenchymal Plasticity as an emergent prop-
erty of coordinated teams in regulatory networks

Mohit Kumar Jolly [mkjolly@iisc.ac.in]

Indian Institute of Science, Bangalore

Elucidating the principles of cellular decision-making is of fundamental importance. These
decisions are often orchestrated by underlying regulatory networks. While we understand
the dynamics of simple network motifs, how do large networks lead to a limited number
of phenotypes, despite their complexity, remains largely elusive. Here, we investigate five
different networks governing epithelial-mesenchymal plasticity and identified a latent design
principles in their topology that limits their phenotypic repertoire – the presence of two
“teams” of nodes engaging in a mutually inhibitory feedback loop, forming a toggle switch.
These teams are specific to these networks and directly shape the phenotypic landscape
and consequently the frequency and stability of terminal phenotypes vs. the intermediary
ones. Our analysis reveals that network topology alone can contain information about
phenotypic distributions it can lead to, thus obviating the need to simulate them. We
unravel topological signatures that can drive canalization of cell-fates during diverse
decision-making processes.

Modularity and Boolean Network Decomposition

Matthew Wheeler [Matthew.Wheeler@medicine.ufl.edu]
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University of Florida

The notion of modularity arises in many areas of biology, but almost never as a mathe-
matically well-defined concept. Boolean networks have proven to be effective tools for
representing and analyzing complex networks, especially biological networks. We discuss
a theory for decomposing Boolean networks. A major prospect of this theory is that
the dynamics of the network can also be broken down and computed from the smaller
constituents of the decomposition. While mathematically interesting on its own, this
decomposition theory also has interesting biological implications. The properties of the
decomposition of models can provide hypotheses for the definition and identification of
biological models. In the long run, we are interested in learning what this theory might
tell us about the modularity of biological networks.

Asymptotic Results on the Dynamics of Linear vs Nonlinear Boolean
Networks

David Murrugarra [murrugarra@uky.edu]

University of Kentucky

Boolean networks are popular models used in biology and engineering. The class of linear
Boolean systems have been extensively studied and several tools are available for obtaining
information about the dynamics of this type of networks. For instance, one can obtain a
generating function that provides the number of cycles of a given length from the minimal
polynomial associated to the matrix of a linear system. However, for most applications
only nonlinear systems have been used. In this talk, I will present some results on the
asymptotic behavior of the dynamics of linear systems and then will discuss comparisons
with the asymptotic behavior of other classes of Boolean networks such as Conjunctive
networks, nested canalizing networks, and random Boolean networks. In doing so, I will
provide some rational about the potential for using linear systems to approximate general
nonlinear systems.

Generating ODE Approximations of Agent Based Models for Control
Purposes

Luis L. Fonseca [llfonseca@medicine.ufl.edu]

University of Florida

Agent or Individual based modeling (ABM) is an increasingly used modeling framework that
has been applied to a broad and diverse range of fields. It is particularly useful to model
systems where the small-scale interactions dominate over the large scale mean behavior,
and where particle behavior is best described by rules rather than by continuous equations.

62



The major drawbacks of ABMs are computational and analytical. These models are
implemented as computer algorithms rather than equation based, are often computationally
demanding, and have very few analytical tools available. Chief amongst these is the lack
of optimization tools. On the other hand, ODE models are computationally trackable
and have 100s of years of analytical tools available, including parameter optimization and
optimal control. One way to solve the lack of optimization tools in ABMs is to create
an ODE proxy of the ABM, perform the optimizations in the ODE proxy, and lift the
solutions back onto the ABM.

Here, we describe different approaches for approximating ODE models to ABMs. We
propose two classes of approaches those suitable for dynamic models for which the
connectivity between variables and processes are known or can be inferred from the ABM’s
code or description, and those suitable for models with a stable steady-state of interest.
In the first class the challenge is to identify the functional form for the processes, where
in the latter is to capture as much of the dynamics from the widest possible range around
the steady-state.
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Mathematical biology of signaling and metabolism at synapses

Mayte Bonilla Quintana1, Guadalupe C. Garcia2, Padmini Rangamani1

1 Department of Mechanical and Aerospace Engineering, University of California - San
Diego, USA; 2 Computational Neurobiology Laboratory, Salk Institute for Biological
Studies, USA

Life is based on energy conversion by which cells and organisms adapt to the varying
environment. The human brain weighs only 2% of the body weight but consumes 20% of
the energy. Synaptic plasticity and neural computation are energy-intensive processes;
the impairment of molecular processes related to energy conversion leads to diseases,
including Parkinson’s disease and Alzheimer’s disease. The underlying biological processes
are intrinsically multiscale phenomena since they are based on molecular interactions
on the small scale of microdomains, such as presynaptic boutons and dendritic spines,
leading to the emerging behavior of neurons, astrocytes, and neural networks. Multiscale
mathematical models have played a critical role in helping us understand the underlying
regulation and to dissect the mechanisms that control synaptic and neuron behavior. Such
models not only offer the opportunity to test different mechanisms but can also address
current experimental technology gaps giving us distinct views of the phenomena, and
could inform possible treatments for diseases. In this mini-symposium, we aim to highlight
how the combination of different computational modeling strategies can address diverse
aspects of synaptic plasticity with a focus on the interplay between neuronal signaling
and metabolism at different temporal and spatial scales. This will lay the foundation
to understand the implications of neuronal signaling in brain energy homeostasis in
healthy and disease states. Particularly, the speakers of this mini-symposium will give
a nanoscale description of the underlying mechanisms of synaptic plasticity (Erik De
Schutter). Followed by a detailed derivation of ATP production in mitochondria (Guadalupe
C. Garcia). Then the relationship between stimulus-induced calcium spikes and ATP
production in mitochondria, will be presented (Geneviève Dupont). The mini-symposium
will close with a discussion of how the brain trades information for energy savings (Renaud
Jolivet).

Diversity, equality, and inclusion: The organizers of this mini-symposium represent a
number of disciplines and minorities in the scientific community. We have a very diverse
background in Mathematics, Engineering, and Physics, and diverse cultural backgrounds
from India, Mexico, and Argentina, which give us very particular perspectives. We believe
enhancing the visibility of female scientists from underrepresented minorities is key to
shaping the landscape of future scientific generations, and increasing the participation of
women in historically male-dominated fields. We know representation matters. Giving the
chance to young scientists of underrepresented minorities to have a leading role in this
conference is an excellent way to increase diversity and inclusion.
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Modeling the tripartite synapse at the nanoscale

Erik De Schutter [erik@oist.jp]

Okinawa Institute of Science and Technology, Japan

Classic descriptions of the synapse include only the presynaptic terminal and postsynaptic
density, often located on a spine. It is now generally accepted that astrocytic processes
form an integral part of a structure called the tripartite synapse. Our long-term goal is
to build detailed nanoscale models of tripartite synapses. At present, we have detailed
separate models of each component and have combined simplified versions of these models
into a preliminary tripartite synapse model.

This work builds on the STEPS software (http://steps.sourceforge.net) for stochastic
reaction-diffusion simulations in irregular meshes. Recently we have expanded STEPS
to model all key aspects of vesicle structure and function, including: vesicle diffusion;
the accumulation and diffusion of proteins on the vesicle surface; inter-vesicle protein-
protein interactions (vesicle clustering); vesicle-cytosolic protein-protein interactions;
vesicle-surface protein-protein interactions (docking); regulated endocytosis (recycling)
and exocytosis (fusion and neurotransmitter release).

Using this technology, we were able to model all major phases of the synaptic vesicle cycle
in a realistic hippocampal pyramidal cell synaptic bouton morphology at unprecedented
levels of molecular and spatial detail, from docking and priming to fusion and recycling.
Our model reveals highly dynamic and robust recycling of synaptic vesicles able to maintain
stable and consistent synaptic release over time, even during high frequency and sustained
firing and assuming full vesicle collapse followed by dispersal and retrieval of vesicle proteins.
We also reveal how synapsin and the cytosolic protein tomosyn-1 can cooperate to regulate
the recruitment of vesicles from the reserve pool during sustained periods of synaptic
activity. We are also using the vesicle technology to simulate AMPA receptor recycling and
its regulation in hippocampal spines during the expression of synaptic plasticity. Finally,
we have been building detailed models of how calcium release in astrocytic processes
depends on nanoscale morphology of the astrocyte and of its organelles like ER and
mitochondria.

A thermodynamically-consistent model for ATP production in mito-
chondria

Guadalupe C. Garcia [ggarcia@salk.edu]

Salk Institute for Biological Studies, USA

Life is based on energy conversion. In the nervous system, in particular, significant
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amounts of energy are needed to maintain synaptic transmission and homeostasis. To
a large extent, neurons depend on oxidative phosphorylation in mitochondria to meet
their high energy demand. To develop a comprehensive understanding of the metabolic
demands in neuronal signaling, accurate models of ATP production in mitochondria are
required. Here, we present a thermodynamically-consistent model of ATP production in
mitochondria based on previous work[1,2,3,4]. The significant improvement of the model
is that the reaction rate constants are set so detailed balance is satisfied. Moreover, using
thermodynamic considerations the dependence of the reaction rate constants on membrane
potential, pH, and substrate concentrations are explicitly provided. These constraints
assure us the model is physically-plausible. We provide a complete and detailed derivation
of ATP production in mitochondria. Furthermore, we explore different parameter regimes
to understand in which conditions ATP production or its export are the limiting step
in making ATP available in the cytosol. The outcomes reveal that, under physiological
conditions, ATP production is the limiting step and not its export. Finally, we analyze the
portion of the total volume taken up by the membranes and study the functional effect this
can have on the availability of ATP in the cytosol. A compression of approximately 50%
of the Intermembrane space or the matrix can increase the amount of ATP in the cytosol
by 2-6%. This model lays the foundation for future studies of the internal mitochondrial
physiology and metabolism in neurons using Monte-Carlo techniques to simulate the
biochemical interactions that take place in the mitochondrial compartments.
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Reciprocal regulation of cytosolic Ca2+ signalling and mitochondrial
metabolism

Geneviève Dupont [Genevieve.Dupont@ulb.be]

Unit of Theoretical Chronobiology, Université Libre de Bruxelles (ULB), Belgium

Stimulus-induced Ca2+ spikes represent a widespread mode of intracellular signalling.
These Ca2+ increases are transmitted to mitochondria, which stimulates the production
of ATP to allow cells to cope with the increased energy demand created by the stimulus.
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However, the metabolic status of mitochondria also affects their rates of Ca2+ exchanges.
This two-way relationship plays a crucial role in cellular signalling and metabolism. We
developed mathematical models describing at the same time intracellular Ca2+ dynamics,
the Krebs cycle, the electron transport chain and the activity of the F1FO ATPase.
These models allowed to investigate how the activities of the main cytosol-mitochondria
transporters, namely the mitochondrial Ca2+ uniporter (MCU), the mitochondrial sodium-
Ca2+ exchanger (NCLX) and the mitochondrial permeability transition pore (mPTP),
regulate Ca2+ signalling and mitochondrial metabolism. Simulations led to experimentally
validated predictions related, for example, to the crucial role of the MCU in shaping
Ca2+ signals or to the possible bistable behaviour of the mPTP, corresponding to the
well-known low and high conductance modes of this cell-death controlling mitochondrial
pore.
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Energy-efficient information transfer in brain circuits

Renaud Jolivet [r.jolivet@maastrichtuniversity.nl]

Maastricht Centre for Systems Biology (MaCSBio), Maastricht University, The Nether-
lands

The nervous system consumes a disproportionate fraction of the resting body’s energy
production. In humans, the brain represents 2% of the body’s mass, yet it accounts for
20% of the total oxygen consumption. Expansion in the size of the brain relative to the body
and an increase in the number of connections between neurons during evolution underpin
our cognitive powers and are responsible for our brains’ high metabolic rate. Despite
the significance of energy consumption in the nervous system, how energy constrains
and shapes brain function is often under-appreciated. I will illustrate the importance of
brain energetics and metabolism, and discuss how the brain trades information for energy
savings in the visual pathway. Indeed, a significant fraction of the information those
neurons could transmit in theory is not passed on to the next step in the visual processing
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hierarchy. I will discuss how this can be explained by considerations of energetic optimality.
Finally, I will briefly discuss how energetic constraints might impact coding strategies in
neural networks and how this provides an elegant approach for a more holistic view of
brain circuits.
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Controlling epidemics: the interplay between models and
public health policies

Vincenzo Capasso1, Alberto d’ Onofrio2

1ADAMSS (Centre for Advanced Applied Mathematical and Statistical Sciences), Uni-
versità degli Studi di Milano “La Statale”, Milano, Italy; 2Dipartimento di Matematica e
Geoscienze, Università di Trieste, Trieste, Italy

Mathematical models represent essential tools allowing a quantitative analysis of an
epidemic system with the consequent identification of possible strategies to control a
disease outbreak or even to prevent it.

However, to be used in decision-making, they must be carefully parametrized and validated
with epidemiological data as well as biological information on the relevant players.

In the Social Media–dominated Post Trust[5] and Post Truth[6] Societies this is particularly
challenging. Indeed, in most scenarios, to appropriately model the control of the spread
of Infectious Diseases one must take into account the actions enacted by Public Health
Systems (PHSs) [7,8,9] and the dynamics of the population’s acceptance and refusal of
vaccines [7,8,9].

In this minisymposium two speakers (SA and VC) will present their joint work on vector
borne diseases, exemplified by malaria epidemics. Their analysis has highlighted parameters
that could be the target of control strategies within an integrated management framework,
by public health authorities. By considering a spatially structured model, they will show
that implementation of control programmes in a suitably chosen subregion is sufficient to
lead to a minimal global cost in the whole habitat, and even to eventual eradication of
the epidemic (“Think globally, act locally”). In their second talk emphasis will be given
to the outcomes of numerical implementations of the proposed control programmes; an
own MATLAB code has been developed for the search of optimal control parameters and
optimal choice of a subregion as mentioned in their first presentation.

The third speaker (A d’O) will focus on some recent developments of behavioural
epidemiology [7], in particular in connection with the the spread of hesitancy and refusal of
vaccines. In particular, the modelling of the PHS actions can be abstracted as the control
(possibly optimal) of dynamical systems that couple disease dynamics with dynamics of the
vaccine propensities, where the latter are based on (spatio-)temporal evolutionary game
dynamics (EGD). Remarkably, in the illustrated models, the EGD is not modeled based
on an axiomatic economic framework (the payoff concept) but, more mechanistically, as
a process of double infection of ideas [8,9] joined to the switch of strategies due to the
PHS actions [8,9].
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Finally, the fourth speaker (CJS) will present a recent work [10] on the mathematical
analysis of a hybrid epidemic model and the impacts of individual behaviors on the spreading
of an epidemic. In this work, a class of hybrid problems is constructed to model the
complex features of population dynamic problems, in which the microscopic individual
behaviors and the macroscopic collective dynamics are closely intertwined. In the model,
a system of ordinary differential equations is coupled with an agent-based process, acting
simultaneously along a common timeline. The way the model is designed allows its
application to a large number of evolution problems arising, for example, in sociology,
economics, geography and epidemiology. Several numerical simulations of the hybrid
model will be presented which highlight the effect of opposition behaviors on the aggregate
flow of the epidemic.
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Optimal control methods for vector borne diseases: the case of malaria.
Part I: Mathematical Modelling

Vincenzo Capasso [vincenzo.capasso@unimi.it]
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ADAMSS (Centre for Advanced Applied Mathematical and Statistical Sciences), Università
degli Studi di Milano “La Statale”, Milano, Italy

Mosquitoes are among the most dangerous active vectors of diseases such as malaria,
dengue, Zika, chikungunya. Malaria alone is responsible for an enormous amount of
deaths all over the world, and in particular in subsaharian Africa. Various international
programmes are devoted to identify optimal control measures for the reduction, if not
eradication, of such diseases. Unfortunatley, very often the entire domain of interest for
the epidemic is either unknown, or difficult to reach for the implementation of suitable
environmental sanitation programmes; on the other hand the costs of a global intervention
are clearly unaffordable. We intend to show that implementation of such programmes in a
suitably chosen subregion is sufficient to lead to a minimal global cost in the whole habitat,
and even to eventual eradication of the epidemic. (“Think globally, act locally”). As a
case study, a conceptual mathematical model of malaria is presented here consisting of a
spatially structured epidemic system. Significant model reductions have been introduced,
in order to make the resulting reaction-diffusion system mathematically tractable. Only
the dynamics of the infected mosquitoes and of the infected humans has been included,
so that a two-component reaction-diffusion system is taken. Three actions (controls) are
included here: killing mosquitoes, treating the infected humans and reducing the contact
rate mosquitoes-humans.
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Mathematical analysis of a repellent-based control intervention for
vector-borne diseases

Peter Rashkov [p.rashkov@math.bas.bg]

Institute of Mathematics and Informatics, Bulgarian Academy of Sciences, Bulgaria

We study a model for a vector-borne disease of Ross-Macdonald type with intervention
measures based on mosquito repellents as a protective measure [1]. Using the theory
of cooperative dynamical systems [2], we perform viability and reachability analyses of
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transient dynamic behaviour of the model.

First, we determine those initial states of the model such that the level of infected hosts
can be sustained below a given cap for all future times and the corresponding optimal
controls. The set of such initial states is the viability kernel associated to the cap. Next,
the reachability analysis is done numerically based on a variational formulation [3]. We
compute the optimal control required to bring the level of infected hosts below this cap in
the shortest time possible if the initial state of the model lies outside the viability kernel.

We use parameter values from two epidemiologic settings with different basic reproduction
numbers for the numerical simulations which reveal some counterintuitive transient dynamic
behaviour in this context.

This work is partially supported by the Bulgarian National Science Fund within the National
Science Program Petar Beron i NIE [contract number KP-06-DB-5].

References
[1] P. Rashkov, Modeling repellent-based interventions for control of vector-borne diseases
with constraints on extent and duration, Math Biosci Eng, 19(4):4038-4062, 2022.
[2] V. Capasso, Mathematical Structures of Epidemic Systems, Springer-Verlag Berlin
Heidelberg, 1993.
[3] A. Altarovici, O. Bokanowski, H. Zidani, A general Hamilton-Jacobi framework for
non-linear state-constrained control problems, ESAIM Contr Optim Calc Var, 19:337-357,
2013.

Optimal control methods and algorithms in behavioural epidemiology
of infectious diseases

Alberto d’Onofrio [adonofrio1967@gmail.com]

Dipartimento di Matematica e Geoscienze, Università di Trieste, Trieste, Italy

We are living in the age of both increasingly pathological distrust of large parts of public
opinion towards authorities and of widespread of fake news. In this complex context, a
major challenge for global Public Health is increasing phenomenon of vaccine hesitance
and refusal. This is due to the overweight of side effects of vaccines and to underweight
of real disease–related risks.

To mitigate the impact of this challenge, the Public Health Systems (PHSs) may counteract
by means of public campaigns to favour vaccine uptake.

These scenarios make it increasingly important to include in the modeling the description
of human decision making. This resulted in a new scientific discipline: the behavioural
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epidemiology of infectious diseases [1] that typically integrates epidemic models with
evolutionary games.

In the first part of this talk, we will illustrate how to include in this modelling framework
the above mentioned campaigns [1,2,3,4]. In the second part we will illustrate some
examples of application of Optimal Control to shape the time profile of these campaigns
[2,3,4].

We will in particular focus on: i) scenarios with slowly changing public opinion versus
scenarios with volatile optinion dynamics (due to the dominance of Social Network)
[2,3,4]; ii) the application of direct methods, based on heuristic stochastic optimization
algorithms, to model realistic piecewise constant strategies enacted by the PHS [2,4]; iii)
a payoff–free approach to some Evolutionary Games [1,2].
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Impact of individual behaviors on epidemic spreading through hybrid
mathematical models

Cristiana J. Silva [cjoaosilva@ua.pt]

Center for Research and Development in Mathematics and Applications (CIDMA), De-
partment of Mathematics, University of Aveiro, 3810-193 Aveiro, Portugal

In this work, we consider a class of hybrid problems constructed to model the complex
features of population dynamics, in which the microscopic individual behaviors and the
macroscopic collective dynamics are closely intertwined. The macroscopic dynamics
are modeled by a system of differential equations, embedded in a geographical network
structure, whereas the microscopic dynamic is modeled by an agent-based process, which
can integrate various individual behaviors. The transition between the macroscopic and
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the microscopic scales involves the generation of a social network, which reproduces the
social interactions occurring in the population. The hybrid model is studied in an abstract
and theoretical framework, by establishing the existence and uniqueness of relevant
solutions, their continuous dependence with respect to a variation of its parameters and
the possible emergence of pseudo-periodic solutions. The way the model is designed
allows its application to a large number of evolution problems arising, for example, in
sociology, economics, geography and epidemiology. In this work, we apply our hybrid
model to the study of the COVID-19 pandemic, and perform several numerical simulations,
which highlight how microscopic behaviors can have a strong impact on the macroscopic
evolution of the epidemic.

This is a joint work with Guillaume Cantin from the University of Nantes (France) and
Arnaud Banos from IDEES, CNRS in Le Havre (France) [1].
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Dynamics of blood flow in microcirculation

Yaron Ben-ami, Helen Byrne, George Atkinson

Mathematical Institute, University of Oxford, UK

The microcirculation in healthy tissues is a robust, well structured network in charge of
supplying the demand of oxygen and nutrients to the tissues and clearing their waste
products. Nevertheless, emergence of structural abnormalities, together with the intrinsic
haemodynamic nonlinearities at the microscale, may lead to a wide variety of dynamic
behaviours, such as multiple equilibria, self-sustained oscillations and the formation of
blood flow pathways with low density of red blood cells (RBCs). Such dynamics may
interrupt the regular supply of oxygen and nutrients, therefore, playing a role in a variety
of pathologies, such as Alzheimer’s disease [1] and cancerous tumours [2,3].

Key to understanding the mechanisms that induce flow abnormalities is the modelling
of how different features (e.g., structural, mechanical, chemical) of the microcirculatory
systems affect the dynamic of blood flow. By doing so, it is possible to generate and
test hypotheses regarding the mechanisms leading to these flow irregularities and suggest
treatments to normalise the blood flow.

The talks at this symposium will cover a range of models for blood flow in the microcircula-
tion from discrete-RBC simulations to tissue-scale networks, providing insights on different
mechanisms leading to abnormal flow acting at different scales of the microcirculatory
network. A discussion will be made on how such models can be compared with in-vitro
microfluidic realisations or in-vivo imaging of living networks, and thereby test and improve
their predictions.

The speakers and organisers of this mini-symposium have been selected from a diverse
range of nationalities and genders as part of our aim to promote people of different
backgrounds within the field of microcirculation. We also felt that it was important to
represent as many people as possible from different career stages to give people and equal
chance of sharing their work with the wider academic community.
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Oscillatory behaviour arising as a result of stochastic fluctuations in
a bistable microvasculature blood flow network

George W Atkinson [george.atkinson@maths.ox.ac.uk]

Mathematical Institute, University of Oxford

The formation of regions of low oxygen, or hypoxia, within tumours is a hallmark of many
types of cancer [5]. Until recently, their formation has been explained by rapid growth of
tumour cells, resulting in an increased distance between the blood vessels and the tumour
interior [3]. However, this theory does not account for hypoxic regions observed within
well vascularised tumours or cycling hypoxia (i.e., short term fluctuations in hypoxia)
with a specific region [6]. While it remains to be established how such regions arise, a
new hypothesis for the formation of hypoxic regions in tumours based upon the vascular
geometry in tumours has recently been suggested [2]. Based on the link between the
distribution of blood flow and hypoxic regions, it seems increasingly likely that the dynamics
of blood flow may have role in the formation of regions exhibiting cycling hypoxia.

The Reynolds number of blood flow in microcirculation is typically significantly less than
one. Therefore, blood flow in a single vessel can be modelled using a Newtonian fluid
with a constant viscosity using Poiseuille’s law. This discription of the blood flow in a
single vessel can be used in a vessel network with conservation laws to form a linear
set of equations to describe the blood flow in every vessel. However, this description of
blood flow is incomplete because the viscosity of the blood is a nonlinear function of the
haematocrit (ratio of red blood cells to the blood) [7] and the haematocrit for a vessel
is dependent on nonlinear partitioning laws at vessel bifurcations [8]. These nonlinear
coupled equations complicate the dynamics and can lead to the formation of multiple
equilibria in small networks [4].

A mechanism recently proposed for the formation of cycling hypoxia is based on a non-
trivial steady state solution of a microvascular network losing stability via a Hopf bifurcation
[1]. In this talk we explore an alternative mechanism, based on the existence of vessels
connecting key blood flow pathways in the network. These vessels can be thought of
as redundant vessels as they add redundancy to the flow in a network. We present a
simple mechanistic explanation for the formation of multiple equilibria based upon the
network geometry and redundant vessels. Furthermore, we introduce a stochasticity to
the blood flow model in a simple diamond shape network with a single redundant vessel
by adding some randomness to the partitioning laws. The diamond network admits two
stable equilibria and stochasticity induces stochastic switching between the two stable
states. This approach suggests possible mechanistic explanation behind the formation
of cycling hypoxia bases on switching patterns of oxygen distribution induced by the
stochastic switching of equilibria in the vessel network.
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Red blood cell distribution in microvascular networks

Maxime Berg [maxime.berg@ucl.ac.uk]

Center for Nerve Engineering, University College London

Microvascular networks feed every cell in peripheral tissues with oxygen and nutrients
under a wide range of physiologic conditions and metabolic needs. They are therefore a
key component of tissue homeostasis and their involvement in disease is also increasingly
recognized [1,2]. One of the most striking feature of the physics of blood flow through
such networks is the highly heterogeneous distribution of red blood cells (RBCs), with some
vessels containing no RBCs and some others containing almost no plasma (suspending fluid)
[3]. This heterogeneous distribution strongly influences the oxygenation of the surrounding
tissue since the oxygen transported in the bloodstream is mainly stored within RBCs.
This can have consequences during angiogenic processes where oxygen heterogeneities is
one of the main driver of microvascular growth [4,5]. These distributions also potentially
impact indirectly the delivery of other molecules since RBCs heavily influences velocity
profiles in microvessels, which are major players in solute dispersion [6].

The ability to accurately predict the distribution of RBCs is thus an important challenge
and several models have been derived to address this challenge. While models where both
the dynamics of the suspending fluid and of each individual RBC have been explored [7],
it remains computationally difficult to routinely apply them to networks encompassing
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thousands of vessels. Alternatively, effective descriptions in which blood is described as an
equivalent fluid with non-linear rheological properties and where RBCs are being described
either by their volume fraction (hematocrit) or by symbolic particles have been widely
taken up by the community [2,7,8]. Such effective descriptions, however, heavily rely
on semi-empirical relationships and their domain of validity has recently been questioned
[8,9,10].

Here we present a series of simulations and experiments performed in microfluidic networks
with controlled geometries made of regular patterns (honeycomb and square). We show
that, despite the apparent simplicity of the geometries at hand, model predictions can
differ significantly from experiments. We further link the observed discrepancies to
asymmetries in the local hematocrit profile at key bifurcations located upstream in the
network hierarchy.

This strongly suggests that correcting the semi-empirical relationships locally at these
bifurcations using experimental profiles of hematocrit is sufficient in simple geometries.
However, further work is needed to improve the equivalent description of blood at the
local scale in order to account for the relaxation of hematocrit profiles.
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Simulating the distribution of haematocrit in vascular tumours

Paul W. Sweeney [Paul.Sweeney@cruk.cam.ac.uk]

Department of Physics, University of Cambridge, UK, Cancer Research UK Cambridge
Institute, University of Cambridge, UK

Hypoxia in solid tumours is a highly dynamic process linked to aggressive tumour growth
and resistance to therapy across a range of cancer types1,2. Despite this widespread
impact on outcomes, the fundamental mechanisms underlying hypoxia dynamics remain
elusive, hampering efforts to alleviate hypoxia for therapeutic benefit.

Using synthetic vascular networks, a recent computational study3 has shown that the
abnormal vascular morphology of tumours, such as reduced inter-bifurcation distance
and pathological vessel branching, can disrupt the cell-free layer. As a result, this
haematocrit memory effect biases red blood cell (RBC) distribution at bifurcations,
leading to heterogeneous oxygenation in the surrounding tissue. Here, we simulate steady-
state tumour haematocrit with3 and without4 memory effects using a 1D Poiseuille flow
model. We apply our approach to two colorectal cancer models with distinct vascular
architectures (LS147T and SW1222)5 to investigate the importance of including memory
effects when simulating RBC distributions in tumours.

Our results show that differences in colorectal tumour vessel morphology can result in
spatial “hot spots” of either low or high haematocrit, suggesting that tumour vasculature
could itself inherently drive heterogeneous oxygen of tumour tissue. These findings
establish a foundation from which to develop improved therapeutic strategies to account
for the unique vascular morphology of an individual tumour.
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Effect of vessel compression on red blood cell partitioning at vascular
bifurcations in a vessel network

Romain Enjalbert [r.b.enjalbert@sms.ed.ac.uk]

Centre for Medical Informatics, Usher Institute, The University of Edinburgh, UK

The tumour microenvironment is reported to have numerous abnormalities in vessel
structure[1]. These abnormalities have been correlated to poor patient prognosis as well
as tumour tissue hypoxia[2], which is an undesirable phenotype. One specific phenotype,
vessel compression, has been correlated to abnormal partitioning of red blood cells at a
single vascular bifurcation[3]. In this work we demonstrate the biophysical link between
heterogeneous red blood cell transport and vessel compression in tumours at a vessel
network level. As red blood cells transport oxygen in blood, this work provides a mechanism
leading to tumour tissue hypoxia.

To model flow through a vessel network we use a previously developed method[4] which uses
Poiseuille’s law, an empirical relation for blood viscosity, and the Pries model for partitioning
of red blood cells at a vascular bifurcation. We adapt the Pries model to account for the
effect of a vessel compression by updating the Pries model from data obtained through
compressed vessels in fully resolved particulate simulations. We use HemeLB[5] for our
fully resolved simulations (https://github.com/hemelb-codes/hemelb).

We investigate how the abnormal partitioning due to a compression at a bifurcation
propagates at a network level. Our preliminary results show that in a network where
a region of the vessels are treated as being compressed, the compressed vessels have
a reduced average haematocrit compared to a control simulation with no compressed
vessels. Furthermore, the compressed vessels have a wider distribution of haematocrit.
We find that the changed haematocrit in the compressed vessels is the consequence not
only of the increased resistance to flow in the compressed part of the network, but also
the direct effect of the compression on the abnormal partitioning of red blood cells.

Our work demonstrates the direct biophysical link between vascular compression and
haematocrit heterogeneity in a vascular network. Consequently, this link might be one of
the reasons why tumour tissue is hypoxic. As tissue hypoxia is a phenotype associated
to poor patient prognosis and a barrier to treatment[2], improved understanding of the
physical phenomena leading to undesirable tumour phenotypes is a key step towards
improved therapeutics and patient care.
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Collective cell migration in cancer growth and spread: in-
teracting dynamics at multiple spatial scales

Dumitru Trucu1 and Raluca Eftimie2

1Division of Mathematics, University of Dundee, Dundee, DD1 4HN, UK, 2Laboratoire
Mathématiques de Besançon, UMR-CNRS 6623, Université de Bourgogne Franche-Comté,
Besancon, France

Understanding the complex mechanisms of growth and spread of cancer in the human
body remains one of the greatest challenges of modern science. At the hearth of
this challenge stays the natural multiscale character of cancer development, by which
genetic and molecular intra-cellular processes (at subcellular-scale) are interconnected with
complex signaling enabling local inter-cellular interactions (at cell-scale), which are further
interlinked to the collective dynamics of cell population (at tissue-scale). This cascade
of events is particularly illustrated during the cancer cell invasion into tissue, which is a
complex process that plays a key role in the growth and spread of cancer, culminating
in the metastatic spread. One common aspect in the progression of all cancers is the
secretion of proteolytic enzymes that degrade the surrounding tissue and the extracellular
matrix (ECM), and support local cancer cell invasion. In conjunction with enzymatic
activities, increased cancer cell motility due to changes in cell-adhesion properties (via
dynamically formed adhesion junctions and cell-surface binding from ECM ligands) further
exacerbates the invasion. The cell-scale activities are however in a dynamic cross-talk
with critical tissue-scale processes reflected in the evolving morphology and migration
patterns of the cancer cell population.

Over the past two decades, the scientific challenges that cancer invasion presents have
attracted intense mathematical modeling exploring various aspects of this complex process.
These include discrete, continuous and stochastic spatio-temporal approaches as well
as recently developed spatio-temporal-structural and multiscale modeling frameworks.
Focused on understanding its general dynamics, the mathematical modeling of cancer
invasion also explores its interactions with the immune system and oncolytic viruses,
aiming to reveal relevant mechanisms that would enable treatment and control of cancer
growth and spread.

In this context, the proposed mini-symposium aims to explore the following important
modeling and analysis aspects in cancer spread and development: (a) nonlocal interac-
tions of heterogeneous cancer cell population in invasion; (b) spatio-temporal-structural
approaches for collective cell migration in tumour growth; (c) parameter identification for
mechano-biological models of cancer; and (d) multi-scale moving boundary modeling and
multi-scale ECM fibres dynamics in cancer invasion.

Direction-Dependent Turning Leads to Anisotropic Diffusion and Per-
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Nadia Loy [nadia.loy@polito.it]

Politecnico di Torino, Italy

Cells and organisms follow aligned structures in their environment, a process that can
generate persistent migration paths. In particular, movement of cells through tissues is
critical during both healthy and pathological processes. Embryonic development relies
on cells migrating from origin to final tissue destination, repair processes necessitate
movement of fibroblasts and macrophages into the wound site, and migration of cancerous
cells, unhappily, leads to tumour invasion and metastasis dissemination. Consequently,
there is clear reason to understand the factors that guide cells with one such process,
contact guidance, defining the movement of cells along linear/aligned tissue features, for
example, blood vessels, white matter brain fibres, or the collagen fibres of connective
tissue [2].

Kinetic transport equations are a popular modelling tool for describing biological movements
at the mesoscopic level, yet their formulations usually assume a constant turning rate.
Here we relax this simplification, extending to include a turning rate that varies according
to the anisotropy of a heterogeneous environment. In particular we extend the very well
known transport model for contact guidance proposed by Hillen [3] and we extend known
methods of parabolic and hyperbolic scaling. We apply the results to cell movement on
micro-patterned domains also through numerical simulation of the transport model. We
show that inclusion of orientation dependence in the turning rate can lead to persistence
of motion in an otherwise fully symmetric environment, and generate enhanced diffusion
in structured domains [1].
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Multiscale models for cancer invasion in heterogeneous environments
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The tumor microenvironment plays a decisive role in the development and invasion of
neoplasms. The involved phenomena take place at different scales, from the subcellular
level up to the behavior of cell populations. The aim of mathematical modeling in this
context is to interconnect the various levels in order to make reliable (qualitative and/or
quantitative) predictions about the evolution of the tumor. In this context we present
some recently developed models and their properties, thereby addressing several different
aspects of tumor and environment heterogeneity and their influence on the predicted
solution behavior.

Modeling Proliferating and Invasive Behaviors of Non-Operable Glioblas-
toma by Multiphase Reactive Poromechanical Modeling

Stephane Urcun [stephane.urcun@uni.lu]

Universite du Luxembourg

Glioblastoma is an urgent challenge in neuro-oncology, a third of clinical cases is still
non-operable, and the disease is almost hundred percent recurrent with a 5-years survival
around 5%. Glioblastoma is characterized by an isocitrate dehydrogenase wild type profile.
Under hypoxia signalling, the production of Tenascin C characteristic of glioblastoma
cells will lead to a cross-linked stiffer extra-cellular matrix. In vitro investigation have
shown that interplay between compressive mechanical stress and hypoxia on glioblastoma
cells provokes the emergence of a malignant phenotype, resistant and more invasive.
Modeling the interplay between extra-cellular matrix stiffening, fluid phases and oxygen
supply could permit new fundamental understanding of invasion patterns. Multiphase
poromechanics, coupled with mechanobiology, is particularly suited to this framework for
reproducing this coupling and structural shaped infiltration. The physical quantities, the
initial and boundary conditions of the model are given by pre-processed, patient-specific
multi-modal MRI sets. These sets are translated into the FEniCS finite element framework
by means of a pipeline from Nifti format to tetrahedral meshes. Therefore, the model
inputs and outputs can be readily measured and compared clinically. To monitor the whole
invasion process and control the model dynamics, data sets of non-operable patients,
under concomitant chemo-radio-therapy, are used. We propose to explore patient-specific
scenarios under mechano-biological governing hypotheses [1, 2, 3].
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Multi-scale modelling of cancer invasion in the presence of
M1 and M2 tumour associated macrophages

Dumitru Trucu [d.trucu@dundee.ac.uk]

University of Dundee, UK

Invasion of the surrounding tissue is one of the recognised hallmarks of cancer, which
is accomplished by the secretion of various types of matrix-degrading enzymes, cell
proliferation and cell adhesion (to other cells and to the extracellular matrix). These
processes happen on multiple spatial and temporal scales. Moreover, the secretion of
matrix-degrading enzymes is not only the result of cancer cells but also of macrophages,
which are one of the most abundant types of immune cells in the tumour microenvironment.
In large tumours, these tumour-associated macrophages (TAMs) have a tumour promoting
phenotype (M2), contributing to tumour proliferation and spread. However, the plasticity
of the macrophages makes it possible to re-polarise them into an anti-tumoral phenotype
(M1), making their re-education an attractive future strategy in immunotherapy. We
extend a previous multi-scale moving-boundary mathematical model for cancer invasion,
by also considering the multi-scale effects of tumour-associated macrophages as well as
their re-polarisation. Numerical investigation of this new model shows the importance of
the interactions between TAMs and the fibrous extracellular matrix (ECM), highlighting
the impact of the fibres on the spatial structure of solid tumours. Further, we recognise
some of the elements that may play an indispensable role in the success of slowing down
the tumour progression by re-polarising the pro-tumoral phenotype (M2).
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Multi-scale phenomena in biology: modelling and analysis

A. Iuorio1, C. Soresina2

1Universität Wien, Austria, 2Universität Graz, Austria

Several phenomena in biology happen on different scales both in time and/or space.
For instance, systems with faster processes than others (e.g. fast-reaction limits), or
microscopic/macroscopic interactions (e.g. hydrodynamic limits). On one hand, taking
into account these different effects often constitutes the key ingredient for successfully
modeling complex systems. Some examples are related to population dynamics, epi-
demiology, tumor growth and tissue mechanics. On the other hand, the mathematical
formulation and analysis of these models requires sophisticated techniques. In fact, a
constant exchange of knowledge between the theoretical investigations and applications
is crucial in order to advance the research in this area.

The aim of this minisymposium is to present recent applications of multi-scale models
in biology, which demonstrates their relevance both for the applications and for the
mathematical analysis itself. Our speakers will illustrate the most recent advancements in
their fields, allowing researchers with different backgrounds to learn ultimate mathematical
techniques and to foster new applications.
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Modeling liver infections with reaction–diffusion equations
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Liver infections like hepatitis C tend to chronify but the underlying biological mechanisms
are still unknown. Mathematical models are used for finding and testing hypothesis
for explaining chronification. We present a system of reaction–diffusion equations on a
mesoscopic scale for the virus and the T cells inside a part of the liver for modeling the
interactions during a liver infection. The model abstracts from individual cells and the liver
cell structure on a microscopic scale but still reflects parts of the liver structure like portal
fields. The reaction functions describe predator–prey based interactions of T cells and
virus. One feature of the model is a non-local term describing the increase of T cells in the
portal fields. The solutions of the reaction–diffusion system are identified with large scale
phenomena like healing or persisting liver infections. Therefore, the mathematical model
connects the unknown mechanisms on the microscopic cell scale with the large scale
outcome of the disease. We present and analyze models with different complexity and
different reaction terms. By regarding a family of models, we gain insight in mechanisms
leading to a higher chronification tendency. Finally, we sort the family in a hierarchical
order.
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Dynamics of stem cell populations, mutations, and emergent regula-
tion

Linus Schumacher [Linus.Schumacher@ed.ac.uk]

University of Edinburgh, UK

Abstract: Maintenance and regeneration of adult tissues rely on the self-renewal of stem
cells. Enabling regeneration without over-proliferation requires precise regulation of the
stem cell proliferation and differentiation rates. Furthermore, mutations in stem cells
can cause over-proliferation and lead to cancer. We quantify the mutation effects in
blood stem cells over a 12 year timespan in older age, using longitudinal sequencing data.
For this we develop Bayesian statistical methods to identify growing mutations despite
fluctuations, and find evidence for saturation of growth due to competition between
multiple mutations. In parallel theoretical work, we propose a modified birth-death process
with volume exclusion (vBD), a variation of the birth-death process that considers crowding
effects, such as may arise due to the finite-sized stem cell niche. While the deterministic
rate equations predict a single non-trivial attracting steady state, we show that the master
equation predicts extinction and a transient distribution of stem cell numbers that may be
bimodal. We investigate the accuracy of various methods to approximate the probability
distribution solution of the vBD master equation, as well as the mean extinction time.
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On tissue-growth models for two species

Markus Schmidtchen [markus.schmidtchen@tu-dresden.de]

Technische Universität Dresden, Germany

In recent years there has been an increasing interest in multi-phase models applied to
tumour growth. Traditionally, tumour growth has been modelled using a single equation
describing the evolution of the abnormal cell density. This talk is dedicated to studying
two different two-species models coupled through Brinkman’s law and Darcy’s law. We
discuss existence of solutions, and the incompressible limit as the stiffness of the pressure
law tends to infinity.
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A multiscale scheme for concentration phenomenon in a parabolic
Lotka-Volterra model in quantitative genetics

Havva Yoldaş [havva.yoldas@univie.ac.at]

University of Vienna, Austria

We consider a population structured with a phenotypic trait, which influences the adapta-
tion of individuals to their environment and the population is subjected to small mutations.
The problem involves two time scales: the one in which the population evolves and the one
where the small mutations occur. The expected long-time behavior is that the population
concentrates around the dominant traits. The dominant traits evolve in time with the ef-
fect of mutations. The concentration phenomenon is studied mathematically by means of
a Hopf-Cole transform and in the asymptotic limit, a constrained Hamilton-Jacobi equation
is obtained [Barles, Perthame 2008]. The uniqueness of the constrained Hamilton-Jacobi
equation is shown recently [Calvez, Lam 2020]. We present a numerical treatment of this
model and the main challenge comes from the nonlinearity of the constraint leading to
jumps in the solution. More precisely, we propose an asymptotic preserving scheme for
the problem transformed with Hopf-Cole and show that the approximations converge to
the solution of the PDE and the scheme is asymptotically stable. We also show that the
limit scheme is convergent for the constrained Hamilton-Jacobi equation. This is a joint
work with V. Calvez and H. Hivert.
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Stochastic Modelling of Genetic and Biochemical Systems I

Abhyudai Singh 1, Ramon Grima2
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The inherent probabilistic nature of biochemical reactions coupled with low-copy number
components results in significant random fluctuations (noise) in mRNA/protein levels
inside individual cells. How cellular biochemical processes function reliably in the face of
such randomness is an intriguing fundamental problem. As a consequence of noise in
gene product levels, single cells within an isoclonal population can differ in their expression
profile and reside in different phenotypic states. Unexpectedly, phenotypic heterogeneity
within a population can play important functional roles in diverse biological processes, from
driving genetically identical cells to different cell fates to allowing microbes and cancer
cells to hedge their bets against uncertain environmental changes. Collectively, these
results suggest that intercellular variation in expression levels is physiologically relevant and
has important implications for both biology and medicine. The focus of this symposium is
to bring together a diverse group of international researchers to highlight new results and
catalyze discussion around two key points:

1. The development of mathematical/computational tools for studying stochastic
dynamics of cellular biochemical processes.

2. Application of these tools in combination with experiments to understand how noise
affects biological function and phenotype.

We have specifically accounted for the promotion of diversity, equity, and inclusion in
the symposium by including talks from researchers from different disciplines ranging from
engineering, mathematics, and life sciences; researchers at different stages of their careers
(PhD students, postdocs, established researchers), and two female speakers. Note that
this part I of a two part series of mini-symposia.

Stochastic biochemical networks in compartmentalized environments

Christoph Zechner [zechner@mpi-cbg.de]

Max Planck Institute of Molecular Cell Biology and Genetics & Center for Systems Biology
Dresden, Germany

Many biochemical processes in cells take place in highly dynamic and compartmentalized
environments, such as networks of interacting organelles. Effective theoretical models to
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study the interplay between noisy reaction dynamics and compartmentalization are sparse.
In this talk, I will present a theoretical approach to study compartmentalized biochemical
systems in the presence of noise. This approach is based on a counting-process formalism
that captures compartment events such as division or fusion, as well as compartment-
internal biochemistry. I will present a moment-approximation method that reveals the
statistical properties of the considered systems in an effective manner. I will present
several case studies and discuss future challenges.

Unravelling the correlation structure of noise in molecular pathways

Lucy Ham [lucy.ham@unimelb.edu.au]

University of Melbourne, Australia

Noise is ubiquitous at the molecular scale, and its presence has profoundly shaped
cellular life. Understanding the sources of noise, how it is propagated, amplified, and
attenuated has therefore become a cornerstone of modern cellular biology. Often seen
as a nuisance, we here show how the correlation structure of noise can be exploited to
dissect the molecular machinery underlying cellular processes. Noise leads to extensive
heterogeneity between cells subject to identical conditions, observable in “snapshot”
distributions of molecule (e.g., transcript) numbers across ensembles of cells. Because
temporal information is lost in such data, there are significant challenges for inferring
the molecular mechanisms underlying gene transcription, as well as the causes of cell-
to-cell variability. In particular, we typically cannot separate dynamic variability from
within cells (“intrinsic noise”) from variability across the population (“extrinsic noise”). By
developing stochastic models of gene expression that describe both intrinsic and extrinsic
noise, we prove that it is in general impossible to identify the sources of variability, and
consequently, the underlying transcription dynamics, from observed transcript abundance
distributions alone. We then use these results to identify new experimental set-ups that
can assist in resolving this non-identifiability. We show that multiple generic reporters
from the same biochemical pathways (e.g., mRNA and protein) can infer magnitudes
of intrinsic and extrinsic transcriptional noise, identifying sources of heterogeneity. Our
theory is validated using synthetic data for genes with non-trivial gene expression dynamics;
“pathway-reporter” approaches are remarkably robust to the details of the mRNA and
protein synthesis dynamics, and compare favourably to the well-known, but often difficult
to implement, dual-reporter methods.

Approximation and Reduction of the Chemical Master Equation using
Statistical Machine Learning

Kaan Öcal [kaan.ocal@ed.ac.uk]

University of Edinburgh, UK
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The Chemical Master Equation (CME) describes the dynamics of noisy biochemical
reaction networks such as those commonly found in gene expression and cellular signalling.
Despite its success in describing many biological phenomena, the CME is notoriously
difficult to solve for most systems, and models of biochemical reaction networks are
frequently based on analytical approximations that trade accuracy for tractability. These
approximations typically involve simplifying assumptions that do not hold for the highly
stochastic and nonlinear systems often occurring in nature, which limits their applicability.
In this talk we will explore how statistical machine learning can complement existing meth-
ods and help render the CME more tractable. To this end we introduce “synthetic models”,
coarse-grainings of the CME that approximate the behaviour of the original system while
being substantially simpler to handle. In contrast to analytical approximations, synthetic
models are empirically derived simplifications that are fit numerically to simulations of
the original model. We demonstrate the power of this idea on the problem of parameter
inference for the CME, showing how they can enable us to accurately approximate the
(typically unknown) likelihood function and perform parameter estimation for complex
biochemical reaction networks.

Assessing the importance of resistance, persistence and hyper-mutation
for antibiotic treatment success with stochastic modelling

Claudia Igler [claudia.igler@env.ethz.ch]

ETH Zurich, Switzerland

Antimicrobial resistance poses a rising threat to global health, making it crucial to un-
derstand the routes of bacterial survival during antimicrobial treatments. Treatment
failure can result from genetic or phenotypic mechanisms, which diminish the effect
of antibiotics. By assembling empirical data, we find that, for example, Pseudomonas
aeruginosa infections in cystic fibrosis patients frequently contain persisters, transiently
non-growing and antibiotic-refractory subpopulations, and hyper-mutators, mutants with
elevated mutation rates and thus higher probability of genetic resistance emergence. Resis-
tance, persistence and hyper-mutation dynamics are difficult to disentangle experimentally.
Hence, we use stochastic population modelling and deterministic fitness calculations of
bacterial evolution under antibiotic treatment to investigate how genetic resistance and
phenotypic mechanisms affect treatment success. We find that treatment failure is caused
by resistant mutants at low antibiotic concentrations (with high final bacterial numbers),
but by persistence phenotypes at high antibiotic concentrations (with low final bacterial
numbers). Facilitation of resistance occurs through hyper-mutators during treatment,
but through persistence only after treatment is discontinued, which allows for persisters
to resume growth and evolve resistance in the absence of antibiotics. Our findings
highlight the time- and concentration-dependence of different bacterial mechanisms to
escape antibiotic killing, which should be considered when designing ‘resistance-proof’
antimicrobial treatments.
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Mathematics for cell migration under the influence of the
microenvironment: from single cells to populations

Christina Surulescu1, Anna Zhigun2

1TU Kaiserslautern, 2Queen’s University Belfast

The interactions of cells among each other and with their surroundings comprise complex
biophysical and biochemical processes which are essentially involved in cell proliferation,
differentiation, migration, or mere survival. These, in turn, are decisive for the development
and functioning of large cell aggregates like tumors, organs, or even organisms.

In this broad active field, our minisymposium aims at providing insight into the mathemat-
ical modeling of such processes, with an emphasis on cell migration and communication
in heterogeneous, crowded, confined, or fibrous environments. The models are motivated
by experiments and are able to reproduce observed behavior. They feature different ap-
proaches and are set up on several scales, connecting single cell behavior with population
dynamics.

With three female and three male participants our minisymposium is properly gender-
balanced. Furthermore, the participants represent five different countries: China, Germany,
Italy, Spain, and the UK.

On the simulation of models of cell migration involving myopic diffu-
sion and cell-cell adhesion

Alf Gerisch [gerisch@mathematik.tu-darmstadt.de]

TU Darmstadt, Germany

The derivation of macroscopic models of cell-cell adhesion in heterogeneous environments
following a multiscale approach leads to equations involving in particular terms representing
myopic diffusion due to the heterogeneous environment and nonlocal cell sensing in order
to account for cell-cell adhesion. Simulations of these equations require a suitable
numerical approach, in particular if the model is considered in a spatially two- or even
three-dimensional domain. We present numerical techniques to efficiently and robustly
deal with these terms and give simulation results for some particular models.

This is joint work with A. Zhigun.

Modelling physical limits in cell migration
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Luigi Preziosi [luigi.preziosi@polito.it]

Politecnico di Torino

Migrating cells choose their preferential direction of motion in response to different signals
and stimuli sensed by spanning their external environment. However, the presence of dense
fibrous regions, lack of proper substrate, and cell overcrowding may hamper cells from
moving in certain directions or even from sensing beyond regions that practically act like
physical barriers. I will first describe a non-local kinetic model in which the sensing radius
is not constant, but depends on position, sensing direction and time as the behaviour
of the cell might be determined on the basis of information collected before reaching
physically limiting configurations. I will then describe a continuum model to deal with the
transmigration through basal membranes.

Mathematical modeling of contact-mediated signalling in cell com-
munication

Juan Soler [jsoler@ugr.es]

University of Granada, Spain

During embryonic development, cell-cell communication is indispensable to coordinate cell
behavior. An example of this importance is the generation of differentiation patterns via
morphogen gradients. Secreted signaling molecules are produced by a localized source of
cells and elicit concentration-dependent responses in the surrounding tissue. For several
morphogens, direct cell-cell contact mediated by filopodia-like-structures (cytonemes) has
been proposed as a mechanism for their gradient formation. In spite of the advances on
the field of signaling mediated by cell-cell contacts, little is known about how cytonemes
navigate through the extracellular matrix and how they orient to find their target. For the
Hedgehog (Hh) signaling pathway in Drosophila, Hh co-receptor Interference hedgehog
(Ihog) and the glypicans Dally and Dally-like-protein (Dlp) interact affecting the orientation
of the cytoneme. Here, we describe that differences in the dynamics and orientation
of cytonemes in space-time depend on the levels of Ihog and glypicans, suggesting a
mechanism for cytoneme guidance. We have developed a mathematical model to test
the Ihog-glypicans interaction as cytoneme guiding factor within the Hh signaling region.
This model can predict wild type and mutant cytoneme orientation based on the spatial
distribution of Ihog, Dally and Dlp.

This is joint work with A. Aguirre, M. Cambón, D. Poyato, I. Guerrero.

Self-propelled particles in confined environment

Min Tang [tangmin@sjtu.edu.cn]
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Shanghai Jiao Tong University

We consider self-propelled particles confined between two parallel plates, moving with a
constant velocity while their moving direction changes either by a velocity jump process
or rotational diffusion. The probability distribution of such micro-organisms in confined
environment is singular because particles accumulate at the boundaries. One needs to
distinguish between the probability distribution densities in the bulk and in the boundaries.
Boundary conditions of these models take into account the switching between free-moving
and boundary-contacting particles. Relative entropy property, a priori estimates and the
convergence to an unique steady state are established. The steady states of both the
PDE and individual based stochastic models are compared numerically.
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Mathematical modeling of psychiatric disorders and ad-
diction

L. Böttcher 1, T. Chou2 , M. R. D’Orsogna3

1Computational Social Science, Frankfurt School of Finance and Management, 2Depts. of
Computational Medicine and Mathematics, UCLA, 3Dept. of Mathematics, California State
University, Northridge

From 2019 to 2020, drug overdose deaths increased in the United States for all races,
major drug categories, including synthetic opioids other than methadone (such as fentanyl),
cocaine, psychostimulants with abuse potential (such as methamphetamine), and for
adults between ages 35-44 (the age-group with the highest overdose rate) [1]. There
is also evidence that mental health conditions among disadvantaged Americans have
deteriorated over the past three decades [2].

Drug overdoses are more common among men than women, the gap being smallest for
prescription opioids such as oxycodone [2,3]. According to a recent study carried out
by the European Monitoring Centre for Drugs and Drug Addiction1, an overall decline
in drug use has been reported for Europe in the first three months after the start of
the pandemic. Given the connection between mental health problems and substance use
disorders, there is an urgent need for more research on the interplay between mental
health conditions and addiction mechanisms, and on effective intervention methods. In
this mini-symposium, we will cover recent advances in mental-health research carried
out by different interdisciplinary research alliances. One goal of this mini-symposium is
to highlight the importance of close collaborations between clinical researchers, public
health policy experts, and mathematical/computational biologists to effectively reduce
the prevalence of mental-health disorders and addiction.

Our mini-symposium will contribute to the promotion of diversity, equity, and inclusion
in multiple ways. It will provide a platform to discuss and develop interventions that
support already disadvantaged communities that are disproportionately affected by mental
health issues and substance-use disorders. The research of several of our invited speakers
explicitly focuses on the development of effective interventions that are accessible to
underprivileged people. Research projects that are resulting from this mini-symposium
will be connected to public health initiatives in low and middle-income countries (e.g., in
collaboration with colleagues from CIDACS, BR2).

References
[1] Hedegaard H., Miniño A. M., Spencer M. R., Warner M. Drug Overdose Deaths in

1https://www.emcdda.europa.eu/system/files/publications/13130/
EMCDDA-Trendspotter-Covid-19-Wave-2_1.pdf

2https://www.bahia.fiocruz.br/cidacs/
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the United States, 1999–2020 NCHS Data Brief No. 428, December 2021
[2] Goldman N., Dana A. G., Weinstein M. (2018). Declining mental health among
disadvantaged Americans, Proceedings of the National Academy of Sciences 115 7290–
7295.
[3] Ho J. Y. (2020). Cycles of gender convergence and divergence in drug overdose
mortality, Population and Development Review 46 443–470.
[4] Becker J. B., Mc Clellan M. L., Reed B. G. (2017). Sex differences, gender and
addiction, Journal of Neuroscience Research 95 136–147.

Cost-Effectiveness of Treatments for Opioid Use Disorder: A Model-
Based Analysis

Margaret Brandeau [brandeau@stanford.edu]

Department of Management Science and Engineering, Stanford University

Opioid use disorder (OUD) is a significant cause of morbidity and mortality in the U.S.
yet many individuals with OUD do not receive treatment. We performed a model-based
analysis to assess the effectiveness and cost-effectiveness of OUD treatments in the
U.S. We assessed medication-assisted treatment (MAT) with buprenorphine, methadone,
or injectable extended release naltrexone; psychotherapy (beyond standard counseling);
overdose education and naloxone distribution (OEND); and contingency management. To
estimate lifetime costs and quality-adjusted life years associated with different treatment
options, we developed a continuous-time dynamic compartmental model where individuals
with OUD can transition between different health states including out of treatment, on
treatment, abstinent (no illicit opioids) and not on treatment, and dead. We found that
MAT combined with contingency management and OEND to treat OUD is likely to
generate significant health benefits and cost savings compared to no treatment. We
conclude that expanding access to MAT, OEND, and contingency management can
generate significant societal cost savings and, more importantly, save numerous lives.

Reference
[1] Fairley M., Humphreys K., Joyce V. R., Bounthavong M., Trafton J., Combs A.,
Oliva E. M., Goldhaber-Fiebert J. D., Asch S. M., Brandeau M. L.*, Owens D. K.*
(2021). Cost-effectiveness of treatments for opioid use disorder. JAMA Psychiatry, 78(7),
766-777. (*Co-senior authors)

A Fast-Slow Dynamical System Model of Addiction: Predicting Re-
lapse Frequency

Jacob P. Duncan [jacob.duncan@winona.edu]

Winona State University, USA
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Symptoms of addictive disorders often manifest as periodic episodes of sudden relapse
followed by a relatively long period of recovery. For most types of addictive disorders, a
relapse is precipitated when cravings overpower cessation efforts. Subsequently, relapse
satiates cravings but can also induce a state of depression, which slowly improves while
cravings reintensify. To analyze the underlying mechanisms driving relapse-recovery cycles,
we construct a fast-slow dynamical system model of the interplay between the mood
and craving level of an addictive disorder patient. The model captures the dynamics of
addiction by admitting relaxation oscillations with excited states for relapse and mood
crash, and relaxed states for recovery and craving satiation. Exploiting the separation
of time scales by neglecting fast states of the relaxation oscillation and linearizing the
slow branches of the limit cycle decouples the system and enables an analytic solution of
the differential equation governing craving levels. The solution is used to calculate the
durations of the craving build-up and satiation phases, the sum of which yields an analytic
approximation of the full cycle period, i.e., a prediction of relapse frequency in terms of
psychologically relevant model parameters. Comparisons of the period approximation with
numerical simulation show good agreement, with relative errors below 5-10% over most
of the pertinent parameter space.

Reference
[1] Duncan J. P., Aubele-Futch T., McGrath M. (2019). A fast-slow dynamical system
model of addiction: Predicting relapse frequency. SIAM Journal on Applied Dynamical
Systems, 18(2), 881-903.

Advancing urban mental health research: from complexity science to
actionable targets for intervention

Josefien J. F. Breedvelt [josefien.breedvelt@natcen.ac.uk]

National Centre for Social Research, London, UK, Dept. of Psychiatry, Amsterdam UMC,
location AMC, University of Amsterdam, The Netherlands

Urbanisation and common mental disorders (CMDs; ie, depressive, anxiety, and substance
use disorders) are increasing worldwide. In this Review, we discuss how urbanicity and
risk of CMDs relate to each other and call for a complexity science approach to advance
understanding of this interrelationship. We did an ecological analysis using data on
urbanicity and CMD burden in 191 countries. We found a positive, non-linear relationship
with a higher CMD prevalence in more urbanised countries, particularly for anxiety disorders.
We also did a review of meta-analytic studies on the association between urban factors
and CMD risk. We identified factors relating to the ambient, physical, and social urban
environment and showed differences per diagnosis of CMDs. We argue that factors in
the urban environment are likely to operate as a complex system and interact with each
other and with individual city inhabitants (including their psychological and neurobiological
characteristics) to shape mental health in an urban context. These interactions operate
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on various timescales and show feedback loop mechanisms, rendering system behaviour
characterised by non-linearity that is hard to predict over time. We present a conceptual
framework for future urban mental health research that uses a complexity science approach.
We conclude by discussing how complexity science methodology (eg, network analyses,
system-dynamic modelling, and agent-based modelling) could enable identification of
actionable targets for treatment and policy, aimed at decreasing CMD burdens in an
urban context.

Reference
[1] van der Wal, J. M., van Borkulo, C. D., Deserno, M. K., Breedvelt, J. J., Lees, M.,
Lokman, J. C., ...,& Wiers, R. W.̧ (2021). Advancing urban mental health research:
From complexity science to actionable targets for intervention. The Lancet Psychiatry,
8(11), 991-1000.

A mathematical model of reward-mediated learning in drug addic-
tion

Maria R. D’Orsogna [dorsogna@csun.edu]

Dept. of Mathematics, California State University, Northridge, USA

text
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Pattern formation in developmental processes

Franziska Matthäus, Tim Liebisch

FIAS, Goethe University Frankfurt

During embryo development, there is a rapid growth in cell numbers that forms complex
structures and involves multiple intra- and intercellular processes (e.g. cell division,
cell-cell signaling, intercellular forces, cell migration, and cell differentiation). In this
self-organized process chemical pathways and cell interactions lead to the formation of a
pattern. Examples comprise the molecular signaling in the timing of developmental events
in the Drosophila embryo, vertebrate limb development, mammalian coat patterns, feather
primordia development, or hair follicle growth. While initially, the chemical patterning has
received great interest from the modeling side, it has become clear in the last years that
especially in early development mechanical aspects and cell migration play an important
role. And eventually, mathematical models will have to be developed to integrate genetic,
chemical and mechanical cues into cellular behavior. Therefore this mini symposium aims
at bringing together diverse modeling approaches (PDE systems, agent-based, or hybrid
systems) to model pattern formation in development based on chemical or mechanical
regulation, and on the integration of both signals.

In our minisymposium we have assembled four scientists representing six nations (counting
nationality and current affiliation), as well as different gender and ethnicity, and an age /
career stage range from PhD student to experienced PI. Without the necessity of writing
a diversity statement, however, we would not have paid attention to these issues, since
for us they are all the same: scientists interested in a fascinating topic, hence, people we
want to meet to exchange ideas.

Actomyosin cables from active mechanical self-organization

Mingfeng Qiu [mingfeng.qiu@phys.ens.fr]

Laboratoire de Physique de l’École Normale Supérieure Paris, France

Supracellular actomyosin cables often drive morphogenesis in development. The origin
of these cables is poorly understood, and they are typically assumed to be prescribed by
upstream signals. We show theoretically and computationally that under external loading,
cell-cell junctions capable of mechanical feedback could undergo spontaneous symmetry
breaking and establish a dominant path through which tension propagates, giving rise to
a contractile cable. This type of cables transmit force perturbation over a long range,
and can be modulated by the tissue and perturbation properties. Our theory is general
and highlights the potential role of mechanical signals in guiding development.
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Pattern formation in biological tissues - mechanisms, experiments
and models

Moritz Mercker [mmercker@gmx.de]

Institute of Applied Mathematics, Heidelberg University, Germany

Pattern formation is fundamental during embryogenesis and tissue development. Yet,
the underlying molecular and cellular mechanisms are still elusive in many cases. Most
current theories assume that tissue development is mainly driven by chemical processes:
either as a sequence of chemical patterns each depending on the previous one, or
by patterns spontaneously arising from specific chemical interactions (such as Turing-
patterns). However, there is increasing evidence that other types of mechanisms are
actively involved in patterning as well, such as tissue mechanics, cell-sorting, or bio-
electrical processes. First, we give a brief overview with respect to different mechanisms
and models leading to self-organized pattern formation in tissues. Secondly, we focus on
mechano-chemical patterning processes. Especially, we show that various interactions
between chemical and mechanical processes in biological tissues spontaneously lead to
robust and complex mechanochemical patterns.

Joint work: Anna Marciniak-Czochra

On the developmental origins of morphological complexity in evolu-
tion

Isaac Salazar-Ciudad [isaac.salazar@helsinki.fi]

Institute of Biotechnology, University of Helsinki, Finnland

How does phenotypic complexity evolve? Empirical evidence suggests that mutations
increasing complexity are rarer than mutations decreasing it. Moreover, the genotype-
phenotype map (or GPM) is usually complex and this may hinder adaptation (Alberch,
1982). Here we show that complex GPMs and the above mutational asymmetry are
inevitable consequences of how genes need to be wired into networks in order for complex
robust morphologies to arise through during embryonic development.

We randomly wired genes and cell behaviours into networks in EmbryoMaker. EmbryoMaker
is a mathematical model of development that can simulate any gene network, all animal
cell behaviours (division, adhesion, apoptosis, etc...), cell signalling, and biomechanics.
Through EmbryoMaker we simulated how each random network regulates development
and the resulting morphology (i.e. a specific distribution of cells and gene expression in
3D). This way we obtained a zoo of possible 3D morphologies. Real gene networks are
not random but a random search allows a relatively unbiased exploration of what is needed
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to develop complex robust morphologies. Compared to the networks leading to simple
morphologies, the networks leading to complex morphologies have in common that: 1)
They are rarer 2) They need to be finely tuned 3) Mutations are more likely to decrease
than to an increase morphological complexity 4) They are less robust 5) They have more
complex GPMs. These results suggest that, when complexity evolves, it does it in a
progressively slower rate as mutations increasing complexity become rarer, morphologies
become less robust to noise and a more complex genotype-phenotype map evolves.

Mathematical analysis and simulation of a model coupling (Turing)
reaction-diffusion and chemotaxis and implications for hair follicle
formation in mice

Camile Fraga Delfino Kunz [kunz@fias.uni-frankfurt.de]

Institute of Medical Biometry and Statistics (IMBI), University Hospital Freiburg, Ger-
many

During embryo development there is a rapid growth in cell numbers that forms complex
structures. Skin pattern formation is an early process during the embryogenesis and
happens before the cells fully differentiate. In the present project we consider skin
patterning in mouse embryos, where cell aggregates form based on a hierarchical process,
involving interactions between the epidermal cell populations. The reaction-diffusion
pre-pattern is driven by fibroblast growth factor (FGF20), bone morphogenic protein
(BMP) and WNT. Considering mathematical models, there are two main processes
involved in the pattern formation: Turing reaction-diffusion systems and chemotaxis. The
Turing system models the concentration of two interacting chemicals, and the patterns
arises from an instability driven by a difference between their diffusion coefficients. Some
previous studies show that this behavior is essential for self-organization in the mouse hair
follicle and chicken feather pre-pattern formation. Another key mechanism is chemotaxis,
where the cells move in the direction of a chemical attractant, where patterns can also
be observed. Experimental data indicates a hierarchical system, where cell chemotaxis
is guided by a Turing system. We aim at developing mathematical models to describe
the interaction between Turing reaction-diffusion systems and chemotaxis. We study the
parameter region for pattern formation using linear stability analysis and use numerical
simulations to confirm the theoretical results. We study the parameter-dependence of the
model and different model structures, and their impact on the pattern forming process.
Another focus of this work is on the patterns regularity, and we develop a framework
to study quantitatively how chemotaxis and Turing systems impact on the patterning
process.
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Single-cell dynamics and longitudinal landscapes in cancer
drug resistance and clonal evolution, Part I

Mohit Kumar Jolly 1, Yogesh Goyal2

1 Indian Institute of Science, India, 2 Northwestern University, USA

The advent of single-cell approaches have enabled investigations of cancer drug resistance
at an unprecedented resolution, revealing extensive genetic and phenotypic diversity,
often even within the cells from the same tumor. How genetic and non-genetic factors
individually and synergistically drive cell fate decisions within cancer cells is an emerging
paradigm in the studies of tumor progression and therapy resistance in cancer. The
high-dimensional datasets, when complemented with longitudinal analysis, provides a rich
avenue to develop mathematical and statistical models and reveal the underlying structure
and biologically meaningful dynamics. In this proposed minisymposium, we bring together
mathematicians and systems biologists to model tumor evolution at multiple scales, ranging
from population models to dynamical models of gene regulation to statistical analysis of
spatiotemporal single-cell heterogeneity within and across patient cohorts. The coming
together of such a diverse group of scientists from all over the world working on disparate
aspects of tumor evolution will spawn new multidisciplinary ideas and collaborations.

This minisymposium is divided into two parts of 4 talks each. 5 out of 8 speakers are
women, and 2 speakers are early career trainees. Also, all 8 speakers are from different
countries, thus showcasing our commitment to diversity from multiple dimensions.

Statistical dynamics of tumor initiation and progression

Sidhartha Goyal [goyal@physics.utoronto.ca]

University of Toronto, Canada

In this talk, I will take a statistical approach to tumor dynamics with focus on tumor
relapse after drug treatment. Drug treatment leads cancer cells to enter a reversible
drug-tolerant persister (DTP) state, which drives tumor relapse. By analyzing clonal
dynamics of patient derived colorectal cancer models we make a strong case for all
cancer lineages, and not a small subpopulation, to possess a capacity to transition to
DTPs. Mechanistically, we determined that DTPs display remarkable transcriptional and
functional similarities to diapause, a reversible state of suspended embryonic development.
In a relapsing (or initiating) tumor, we show that microenvironment feedback that enhances
epigenetic transition of healthy cells to pre-cancer state may both inhibit or accelerate
tumor progression. Overall, our work points to novel therapeutic opportunities.

Profiling cell decision at the molecular level, using predictive single-
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cell dynamics

Jeremie Roux [jeremie.roux@univ-cotedazur.fr]

University Cote d’Azur (Nice-Sophia Antipolis), CNRS, France

Cell decision upon drug treatment is a dynamic feature that gives rise to non-genetic
resistance. We have developed a method to isolate single cells in their transient decision
states, by using their response dynamics over a short period of time. In this assay, the cell
decision is predicted by live-cell microscopy, monitoring the early signaling dynamics that
lead to either cell death or survival in response to a cytotoxic drug. Based on their predicted
response, the cells are isolated by laser-capture and assayed by single-cell RNA sequencing
before they commit to a definitive decision that would alter their integrity or change their
gene expression profiles. By doing so, the framework enabled the identification of the
genes causing differential decisions upon treatment (as opposed to differentially expressed
genes after treatment) and proposes targets for combination therapies. In addition, as
it is possible to measure both the response dynamics and the molecular profile in the
same cell, our framework provides a tool to parameterize single cell models with the initial
conditions and corresponding output from experimental measurements performed in each
cell of a clonal population.

Modeling intra-tumor and inter-patient signaling heterogeneity in
cancer using thermodynamic-based approaches

Nataly Kravchenko-Balasha [natalyk@ekmd.huji.ac.il]

The Institute of Biomedical and Oral Research, The Hebrew University of Jerusalem,
Israel

Cancer research is moving into the frontiers of how to assign the correct drug(s) to a given
patient. We have recently developed a computational, thermodynamic-based strategy
allowing to accurately predict the response of cells to drug treatments or to rationally
design anti-cancer personalized drug combinations. While conventional approaches classify
cancers based on characteristic biomarkers, we identify patient-specific, central protein
nodes representing a patient-specific signaling signature (PaSSS), consisting of several
distinct subnetworks, or unbalanced processes (i.e. a set of altered co-expressed, protein-
protein subnetworks deviating from the steady state in each tumor). Our recent in–vivo
results in melanoma, breast, lung and oral cancers indeed show that PaSSSs successfully
dictate the design of patient-specific drug cocktails. We demonstrate that simultaneous
inhibition of central protein targets from the entire set of distinct unbalanced processes
blocks the patient-specific altered signaling flux and is more effective than the treatments
used in clinics.
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Lately we took a step forward and extended the approach to the single cell analysis. This
development allows quantifying a set of unbalanced processes in each individual cell, named
cell specific signaling signature (CSSS), and then mapping distinct subpopulations in every
tumor without a need for large datasets, usually including multiple tissues from different
patients. A high number of measured cells (>500,000) from one tumor are compared
instead of many patients, thereby providing an accurate and statistically significant
information about different unbalanced processes within each sample. Using these cell
specific signatures, distinct subpopulations evolving within the tumor in response to an
outside influence (e.g. anticancer treatments) were revealed and mapped. CSSSs were
further applied to assign targeted drug combinations to each individual tumor to optimize
tumor response to therapy.

The strategy was validated using TNBC models and patient-derived tumors known to
switch phenotypes in response to radiotherapy (RT). The strategy presented herein shows
promise in preventing cancer treatment resistance, with significant applicability in clinical
use.

Integrating multimodal information to predict the memory and fates
of cancer cells

Jonas Braun [jonas.braun1997@gmx.de]

Department of Mathematics, Technical University of Munich, Garching, Germany; De-
partment of Cell and Developmental Biology, Feinberg School of Medicine, Northwestern
University, Chicago, USA; Center for Synthetic Biology, Northwestern University, Chicago,
USA; Robert H. Lurie Comprehensive Cancer Center, Northwestern University Feinberg
School of Medicine, Chicago, USA

Targeted therapies have generated interest and optimism surrounding their efficacy in
treating cancer. However, they are often unable to kill all the tumor cells, leaving behind
rare surviving cells which trigger relapse in patients. This dichotomy of surviving vs dying
is not driven by random chance, rather it is predetermined by the state of rare cells
preceding therapy exposure. Although previous studies, using sequencing and imaging
experiments, found genes that are more highly expressed in these rare cells “primed” to
become resistant, they are largely correlative, and often they alone cannot unequivocally
predict the fate. To address this gap, we have developed a novel deep-learning architecture
decorME, or decorrelated multi-encoder, which is being trained on millions of cells and can
robustly capture features of rare cell events. This framework, coupled with clone-resolved
single cell live imaging, will be leveraged to predict rare-cell signaling dynamics and fate
choices in the face of drug stress. decorME is highly generalizable to any rare-cell biology
context, from stem-cell reprogramming to tissue regeneration.
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Modeling the female reproductive system at different scales

Romain Yvinec 1

PRC, INRAE Tours / Musca Inria Saclay Île-de-France

The female reproductive function is supported by a massive production of germ cell. The
germ cells are sheltered within ovarian follicles and have different fates to form a well-
balanced population. Quiescent follicles constitute the initial stockpile of available follicles
for reproduction. They are continuously recruited into the growing follicle pool according
to a tightly regulated dynamics. The maturation of follicles proceeds through successive
growth stages and culminates for a few of them at ovulation. A complex hormonal system
within the hypotalamo-pituitary-gonadal axis establish a molecular dialog between follicles.
Accelerated exhaustion of follicle is a cause of premature ovarian failure, and disrupted
growth leads to fertility disorders. Controlling the follicle population distribution is a
critical issue for fertility, which is at the heart of both assisted reproductive technologies
and contraceptive strategies.

Grounded on pioneering works, mathematical modelling appears as a powerful mean
to "tease apart complexity in the reproductive system, and to test and provide new
hypotheses regarding pathological situations”, as stated in [1]. This mini-symposium will
present recent works on the mathematical modelling of the female reproductive systems
towards a multi-scale systems biology perspective [2].

References:
[1] Clark and Kruger, Mathematical modeling of the female reproductive system: from
oocyte to delivery, Wiley Interdisciplinary Reviews: Systems Biology and Medicine,
9(1):e1353 2017.
[2] Yvinec, Crépieux, Reiter, Poupon and Clément, Advances in computational model-
ing approaches of pituitary gonadotropin signaling, Expert Opinion on Drug Discovery,
13(9):799-813, 2018.

FollicleFinder & FollicleTracker to monitor ovarian follicle growth and
selection in individual women

Leopold Franz [leopold.franz@bsse.ethz.ch]

Computational Biology Group (CoBi), D-BSSE, ETH Zurich, Switzerland, Swiss Institute
of Bioinformatics, Switzerland

Women are born with millions of immature oocytes, their ovarian reserve. In each menstrual
cycle, a single oocyte is selected from a larger cohort that enters the maturation process. In
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vitro fertilisation (IVF) requires a large number of oocytes as starting material. Treatment
protocols therefore seek to mature the entire cohort by interfering with the hormonal
feedback that drives selection. Dosage and timing rely on repeated hormone and follicle
size measurements, but individual differences between patients and limitations in the image
analysis result in variable outcomes. We developed FollicleFinder and FollicleTracker to
address limitations in the 3D image analysis [1]. Using mathematical modelling, we now
relate the individual follicle growth and selection dynamics to the individual hormone levels
that have been measured during two non-consecutive natural cycles of 50 women [2]. In
this way, we seek to obtain a personalised model of the ovarian selection process that can
form the basis for individualised IVF treatment protocols.

References:
[1] Yamauchi et al., FollicleFinder: automated three-dimensional segmentation of human
ovarian follicles, bioRxiv, 2022.
[2] Biniasch et al., Intra- and inter-cycle variability of anti-Mullerian hormone (AMH)
levels in healthy women during non-consecutive menstrual cycles: the BICYCLE study,
Clin Chem Lab Med, 2021.

A model-based hormonal contraception strategy

Aurelio A. de los Reyes V [adlreyes@math.upd.edu.ph]

Biomedical Mathematics Group, Institute for Basic Science, Daejeon 34126, Republic of
Korea, Institute of Mathematics, University of the Philippines Diliman, Quezon City 1101,
Philippines

Hormonal contraceptives composed of exogenous estrogen and/or progesterone are
commonly administered artificial means of preventing ovulation. Despite many benefits,
adverse side effects associated with high doses such as thrombosis and myocardial infarc-
tion, cause hesitation to usage. In this talk, I will be presenting a modified mathematical
model for hormonal control of the menstrual cycle. Our modeling framework applies
optimal control theory to minimize total exogenous estrogen and/or progesterone dose,
and determine timing of administration that lead to contraception. We observe a reduction
in dosage of about 92% in estrogen monotherapy and 43% in progesterone monotherapy.
Our simulations show that it is most effective to deliver the estrogen contraceptive in the
mid follicular phase. In addition, we illustrate that combination therapy significantly lower
doses further. Our findings may give clinicians insights into optimal dosing scheme for
contraception.

This is a joint work with Brenda Lyn A. Gavina (University of the Philippines Diliman),
Mette S. Olufsen (North Carolina State University), Suzanne Lenhart (University of
Tennessee) and Johnny T. Ottesen (Roskilde University).
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Modelling ovarian follicle competition

Susanna Röblitz [susanna.roblitz@uib.no ]

Computational Biology Unit (CBU), Departmemt of Informatics, University of Bergen,
Norway

We present a modelling and simulation framework for the dynamics of ovarian follicles [1]
and key hormones [2] along the hypothalamic-pituitary-gonadal axis throughout consecutive
human menstrual cycles. The model is based on ordinary differential equations with random
initial time points for the follicles. It takes into account variability in the response of
follicles to stimulating hormones, which introduces variability between cycles. The growth
of ovarian follicles in waves is an emergent property in the model simulations and further
supports the hypothesis that follicular waves are also present in humans. We demonstrate
how the model can be used to compare and optimize treatment protocols for ovarian
hyperstimulation [3], thus potentially forming the integral part of a clinical decision support
system in reproductive endocrinology.
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evidence for new strategies of ovarian stimulation. Frontiers in Endocrinology 12:613048,
2021.

Time scale separation in life-long ovarian follicles population dynamics
model

Romain Yvinec [romain.yvinec@inrae.fr]

PRC, INRAE, CNRS, Université de Tours, 37380 Nouzilly, France, Université Paris-Saclay,
Inria, Inria Saclay-Ile-de-France, 91120, Palaiseau, France
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In this talk, we will detail population dynamics approach to study the aging of the ovarian
follicle population. We revisit compartmental population dynamics model for ovarian
follicles development [1] by adding follicles interaction that result (directly or indirectly)
from the control exerted onto their growth and death rates by reproductive hormones.
The shape of the follicle population distribution through time is obtained thanks to a time
scale difference between follicle activation and follicle growth [2]. We obtain rigorously
a limit model [3] that enable to study the effect of the growing follicle pool onto the
quiescent one. Finally, we show how to calibrate such compartmental models on mice
using published population count data and several perturbation scenarios.
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Insights on collective migration using agent-based model-
ing

W. Duncan Martinson1, Sara Bernardi2

1Mathematical Insitute, University of Oxford, Oxford, UK, 2Department of Mathematical
Sciences, Politecnico di Torino, Italy

Collective migration – the coordinated movement of individuals – is ubiquitous in biology,
occurring for instance during development [1], animal flocking [2], and cancer metastasis
[3]. It represents a paradigm of emergent behavior, as groups of organisms adopt intricate
dynamics that are not observed at the individual level. Although complete understanding
of the biophysical signals involved in collective migration remains elusive, due to the
range of spatio-temporal scales on which they act, some insight has been provided using
mathematical models. This mini-symposium will showcase early and mid-career researchers
who have applied discrete (agent-based) models to better understand the mechanisms that
contribute to collective migration in neural crest stem cells, epithelial cells, and whales.
The presentations will discuss how biological observations can inform model design, and
will highlight several mechanisms thought to occur in establishing collective migration
such as non-local sensing of other agents and microenvironmental interactions. There
will also be a discussion of how one can derive macroscopic partial differential equations
(PDEs) from discrete models, and how non-local terms reinforce directed, anisotropic
collective migration. The analytic treatment of non-local PDEs will be further discussed
in the related mini-symposium “Non-local mathematical models for collective migration:
insights from analytical methods".

We have invited speakers from a variety of different backgrounds to ensure that we have
a diverse set of viewpoints at the mini-symposium. The presenters hail from countries
including the US, the UK, and Australia, and are mixed with respect to gender, ethnicity,
and career level (from early to mid-career mathematicians). From a scientific standpoint,
the range of biological contexts that will be examined are diverse, including for instance
developmental biology and animal migration. Nevertheless, all talks will share the same
unifying theme of applying agent-based models to understand the mechanisms underlying
collective migration.
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Extracellular matrix remodelling by lead chick cranial neural crest cells
is a major determinant of robust collective migration

W. Duncan Martinson [william.martinson@maths.ox.ac.uk]

University of Oxford, UK

Neural crest cells (NCCs) exhibit a model example of collective cell migration in vertebrates,
as these stem cells migrate over distances of several millimetres (several orders of
magnitude larger than the cells themselves) in a time period of hours. Here, we model
discrete NCC migratory streams using experimental data in the chick embryo. We
collaborate with experimental colleagues to develop a new agent-based model for cranial
neural crest cell migration that incorporates cell remodelling of, and movement through,
a naïve extracellular matrix (ECM). We perform a global sensitivity analysis on the model
and rank the mechanisms that most dominate collective cell behaviour. Further tests
of this model suggest that migration is most efficient when leader and follower cell
phenotypes are not identical. We find that ECM remodelling, haptotaxis, and contact
guidance provide sufficient signals for NCCs to establish robust in silico streams, but
are not sufficient to guide cells along the correct target corridor. Adding a crude model
for chemotaxis fixes this issue, but can create stream breaks in extreme circumstances.
We conclude by surveying perturbations to agent-based model mechanisms that prevent
stream breaks and ensure robust neural crest cell migration.

Modelling collective navigation via non-local communication

Stuart Johnston [stuart.johnston@unimelb.edu.au]

University of Melbourne, Australia

Collective migration occurs throughout the animal kingdom, and demands both the
interpretation of navigational cues and the perception of other individuals within the
group. Navigational cues orient individuals towards a destination, while it has been
demonstrated that communication between individuals enhances navigation through a
reduction in orientation error. We develop a mathematical model of collective navigation
that synthesizes navigational cues and perception of other individuals. Crucially, this
approach incorporates uncertainty inherent to cue interpretation and perception in the
decision making process, which can arise due to noisy environments. We demonstrate
that collective navigation is more efficient than individual navigation, provided a threshold
number of other individuals are perceptible. This benefit is even more pronounced in low
navigation information environments. In navigation ‘blindspots’, where no information is
available, navigation is enhanced through a relay that connects individuals in information-
poor regions to individuals in information-rich regions. As an expository case study, we
apply our framework to minke whale migration in the northeast Atlantic Ocean, and
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quantify the decrease in navigation ability due to anthropogenic noise pollution.

Coordinated tractions control the size of a collectively moving pack
in an epithelial monolayer

Aashrith Saraswathibhatla [aashrith@stanford.edu]

Stanford University, USA

Cells in an epithelial monolayer coordinate motion with their neighbors giving rise to
collectively moving packs of sizes spanning multiple cell diameters. The physical mechanism
controlling the pack size, however, remains unclear. A potential mechanism comes from
assuming that cell-substrate traction forces persist over some time scale: with large enough
persistence time, collective cell packs emerge. To test this hypothesis, we measured the
velocity and net traction of each cell. The data showed that in addition to having some
temporal persistence, tractions were spatially correlated, suggesting that cells coordinate
with their neighbors to apply tractions in the same direction. Chemical inhibitors and
activators of actomyosin contraction were used to determine effects of altering the traction
persistence and alignment. Numerical simulations based on the self-propelled Voronoi
model, augmented to include both traction persistence and alignment and calibrated
against the experimental data, matched the experimentally measured pack size. The
model identified that if there were no alignment of traction between neighboring cells, the
size of the collective pack would be substantially smaller than observed in the experiments.
Hence, combining experiments and a simple mechanical model, this study confirms the
long-standing assumption of traction persistence and adds the notion of traction alignment
between neighbors. Together, persistence and alignment are two factors controlling the
size of a collectively moving cell pack.

How cells work together to migrate more efficiently

Viktoria Freingruber [v.freingruber@sms.ed.ac.uk]

Heriot Watt University, University of Edinburgh, UK

Collective movement in biology appears on various scales. Swarming fish and flocking
birds are probably the more famous cases, but also on a much smaller scale there are
numerous examples: In wound healing, for instance, it was observed that immune cells
collectively migrate towards a substance that indicates where the wound is located [1, 2].
In a similar manner, certain cancer cells spread in clusters rather than solitarily [3].

The work for this project was motivated by a phenomenon in embryonic development:
So-called neural crest cells (NCC) migrate in clusters from the neural tube throughout
the whole embryo. This behaviour is important for the formation of neurons, glia, bone,
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connective tissue, just to name a few. A failure of the collective migration might lead to
birth defects, such as a cleft lip or deformed ears [4, 5], or Hirsschsprung’s disease [6,
7].

One of the main drives for this phenomenon is chemotaxis - the guided movement of cells
up the gradient of a chemical substance. In addition to that, the cells interact via two
mechanisms, a mid-range co- attraction and a short-range repulsion (contact inhibition
of locomotion). Motivated by the collective movement of the NCCs, we present a biased
random walk model that incorporates these three mechanisms and derive a macroscopic,
continuous model for the cell density.
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Stochastic methods for biochemical reaction networks

Wasiur KhudaBukhsh1, Hye-Won Kang2

1University of Nottingham, 2University of Maryland at Baltimore County

Stochastic modeling is becoming increasingly popular in biological sciences. The ability
to account for intrinsic fluctuations and uncertainty in experimental outcomes has been
an advantage of stochastic methods. The application of stochastic tools has proven
to be tremendously useful in analyzing biological systems. The objective of this mini-
symposium is to highlight recent advances in biochemical reaction networks – both at
the ecological and the molecular scales. The session will cover a wide range of themes
(including applications and techniques) giving a general overview of the field. Specific
topics include new asymptotic results/approximations, multiscale methods and statistical
inference algorithms for these biological systems. .

The mini-symposium will put a special focus on methods that can be translated into
usable tools from a practical perspective. For instance, applications to Michaelis—Menten
type enzyme kinetics will be relevant for the industry.

Approximating bio-chemical dynamics using survival models

Grzegorz A. Rempała [rempala.3@osu.ed]

The Ohio State University, USA

In a stochastic chemical network one can often use the notion of a reaction hazard in
order to provide a simple statistical model for the system evolution. This approach is
especially helpful if we want to consistently follow the fate of a single molecule of some
special species through its different transformations, as is the case, for instance, for a
single individual in the classical model of a stochastic epidemic network. I will provide a
short overview of the survival approach and give some examples extracted from a much
broader recent work completed jointly with Daniele Cappelletti.

Determining a computational cell size in stochastic chemical systems
with spatial patterns

Hye-Won Kang [hwkang@umbc.edu]

University of Maryland, Baltimore County, USA

Chemical systems may exhibit interesting spatial patterns due to the movement and
interaction of chemical species. Inherent fluctuations in the chemical systems need to
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be considered since large fluctuations in molecular copy numbers may also change the
spatial patterns. I will introduce a mesoscopic stochastic model for a chemical system
where the spatial domain is divided into several computational cells. Chemical species
react to each other when they are located in the same computational cell and move from
one cell to the neighboring ones. It is important to choose computational cell size since it
changes the level of fluctuations. In this talk, I will discuss several ways to determine the
computational cell size in the stochastic model for enzyme kinetics and show how spatial
patterns change as we vary the computational cell size. (Joint work with Luan Nguyen)

Chemical reaction networks: systematic design, noise control, bifur-
cations, efficient simulations and identifiability

Radek Erban [erban@maths.ox.ac.uk]

University of Oxford, UK

Chemical reaction networks describe interactions between biochemical species. Two types
of mathematical models of reaction systems will be considered: (i) deterministic models
which are written in terms of reaction rate equations (i.e. ordinary differential equations
(ODEs) for concentrations of biochemical species involved); and (ii) stochastic models
of reaction networks, given in terms of the Gillespie stochastic simulation algorithm,
which provides more detailed information about the simulated system than ODEs. I will
discuss methods for systematic design of relatively simple reaction systems with exotic
dynamical behaviour, including applications to synthetic biology and DNA computing.
Considering deterministic models of reaction networks, I will present examples of reaction
systems with multiple oscillating solutions or systems whose deterministic models (based
on reaction rate equations) undergo specific bifurcations. Since reaction networks in
biological applications often involve species at low-copy numbers, stochastic effects may
become a significant part of the dynamics. In such circumstances, tools for controlling
the intrinsic noise in the system are needed for a successful network design. To this
end, the so-called noise control algorithm will be presented. The algorithm structurally
modifies any given reaction network under the mass action kinetics, in such a way that
controllable state-dependent noise is introduced into the stochastic dynamics, while the
deterministic dynamics (based on reaction rate equations) are preserved. I will present
reaction networks with noise-induced oscillations and multi-stability. The identifiability of
the underlying network structure will also be discussed, together with methodologies for
efficient stochastic simulations of chemical reaction networks.

Statistical inference of hierarchical Bayesian model for the stochastic
chemical reaction with time delay

Boseung Choi [cbskust@korea.ac.kr]
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Korea University

Current estimation techniques for inferring reaction rates frequently rely on marginalization
over unobserved processes and states. This approach can be computationally challenging
in simple systems and lead to significant uncertainties and identifiability problems in
parameter estimates. Indeed, complex dynamics of chemical reactions may have hidden
or indirectly measured facets. This makes it challenging to construct a model of the
whole process. Model simplification, including time delay, is essential for the identifiability
of model estimation. We will require alternative approaches to efficiently uncover the
interactions in complex biochemical networks with time delay. We propose a hierarchical
and non-hierarchical Bayesian inference framework to replace uninteresting or unobserved
reactions with time delays. Although the resulting models are non-Markovian, recent
results on stochastic systems with random delays allow us to obtain expressions for the
likelihoods of model parameters rigorously. This allows us to extend MCMC methods
to estimate reaction rates efficiently and delay distribution parameters from single-cell
assays. We illustrate the proposed approach’s advantages and potential pitfalls using
a birth-death model with both synthetic and experimental data and show that we can
robustly infer model parameters using a relatively small number of measurements. We
demonstrate how to do so even when only the relative molecule count within the cell is
measured, as in the case of fluorescence microscopy.
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Boolean networks and related modeling frameworks - Part
II: The Role of Canalization

Claus Kadelka

Iowa State University

Boolean network models are a particular type of finite dynamic system, which is widely used
in biological systems such as gene regulation networks. Part I of this minisymposium is
about the design and analysis of Boolean network models and related modeling frameworks
such as agent-based systems. Part II will focus on the biologically important concept of
canalization, which has been mathematically formalized in several, related but distinct
ways.

This minisymposium brings together researchers from three continents and aims to start
and enhance discussion between groups, which work on similar topics such as canalization
and modularity of gene networks. The formation of a new collaboration between some of
the participants would contribute an ideal outcome of this minisymposium.

Canalization in gene regulatory networks: an in-depth analysis

Claus Kadelka [ckadelka@iastate.edu]

Iowa State University

The concept of canalization in gene regulation was proposed by Waddington in the 1940s
as a possible answer to the question of how the outcome of embryonal development can
lead to predictable phenotypes in the face of widely varying environmental conditions, as
well as frequent genetic mutations. Kauffman introduced canalizing functions as suitable
update rules of Boolean gene regulatory network models. Since then, several ways to
measure canalization have been introduced. In this talk, I will review and compare these
different notions of canalization. Besides theoretical considerations, I will also describe
the prevalence of various types of canalizing functions in a newly established database of
roughly 150 published Boolean models of biological networks.

The effective graph: a weighted graph that captures nonlinear canal-
ization in biochemical systems

Luis M. Rocha [rocha@binghamton.edu]

State University of New York at Binghamton, USA

The ability to map causal interactions underlying genetic control and cellular signaling has
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led to increasingly accurate models of the complex biochemical networks that regulate
cellular function. These network models provide deep insights into the organization,
dynamics, and function of biochemical systems, for example by revealing genetic control
pathways involved in disease. However, the traditional representation of biochemical
networks as binary interaction graphs fails to accurately represent an important dynamical
feature of these multivariate systems: some pathways propagate control signals much
more effectively than do others. Such heterogeneity of interactions reflects canalization—
the system is robust to dynamical interventions in redundant pathways, but responsive to
interventions in effective pathways. Here, we introduce the effective graph, a weighted
graph that captures the nonlinear logical redundancy present in biochemical network
regulation, signaling, and control. Using 78 experimentally-validated models derived from
systems biology, we demonstrate that: (a) redundant pathways are prevalent in biological
models of biochemical regulation, (b) the effective graph provides a probabilistic but precise
characterization of multivariate dynamics in a causal graph form, and (c) the effective
graph provides an accurate explanation of how dynamical perturbation and control signals,
such as those induced by cancer drug therapies, propagate in biochemical pathways.
Overall, our results indicate that the effective graph provides an enriched description of
the structure and dynamics of networked multivariate causal interactions. We demonstrate
that it improves explainability, prediction, and control of complex dynamical systems in
general, and biochemical regulation in particular.

Unraveling the canalizing structure of Boolean functions

Elena Dimitrova [edimitro@calpoly.edu]

Cal Poly, San Luis Obispo

Nested canalization, a type of hierarchical clustering of the inputs of a Boolean function,
has been studied in the context of network modeling where each layer of canalization adds
a degree of stability in the dynamics of the network. Boolean functions, however, can be
represented in many ways, including logical forms, truth tables, and polynomials, as well
as different canonical representations such as minimal disjunctive normal form. These
representations may obscure the canalizing structure of a Boolean function making its
extraction a challenge. In this talk, we show that the problem of determining the specific
layer structure of a Boolean function is NP-hard and present and compare methods
for finding the canalizing layers. Further, we discuss applications of these methods for
computing disjunctive normal forms and for reverse engineering of Boolean functions
according to a prescribed layering format.

Minimum sensitivity of nested canalizing functions and gene networks
at the edge of chaos

Hamza Coban [hcoban15@ku.edu.tr]
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Koc University, Istanbul, Turkey

We prove that, among Boolean functions with a given activity ratio the one with minimum
sensitivity is a nested canalizing function. The sensitivity lower bound vs. the activity
ratio is given by the (fractal) Blancmange curve. Data available in the Cell Collective
Database for gene regulation networks shows that a large majority of genes reside on this
boundary. We discuss the implications in the context of the “edge of chaos" hypothesis.
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Multiscale mathematical models of infectious disease

James Doran

University of Bath, UK

COVID-19 has highlighted the huge impacts that infectious disease outbreaks can have.
Epidemiological models are vital to predict the dynamics of disease transmission and
help to plan public health interventions. Within-host mathematical models are also
important to help increase understanding of a disease at an individual level, and how
this can differ from person to person depending on specific clinical factors. For example,
an older diabetic patient or immunocompromised person may have a different immune
and treatment response compared to a healthy adolescent. Such heterogeneities can
be considered when building within-host models, helping to understand specific immune
dynamics and guide medical intervention. Typically, both epidemiological and within-host
models operate at a single scale. On the other hand, multiscale mathematical models
of infectious diseases that link dynamics at multiple spatial and temporal scales can
help to develop a clear picture of infection spread through a population. These ‘nested’
models can add knowledge of dynamics at one scale to approaches at another and hence
improve the predictions used to inform public health strategies. This mini-symposium
will show how useful multiscale modelling can be, whether as part of within-host models,
epidemiological models, or immuno-epidemiological models that connect patient-level and
population-scale dynamics.

This mini-symposium promotes, and as such will appeal to anyone with an interest in,
research into the mathematical biology of infectious diseases, incorporating epidemiology,
immunology, microbiology, and pharmacology. A diverse selection of speakers have
volunteered to present their research, with a mixture of genders, ages, and nationalities.
Additionally, our speakers are at different stages of their academic careers, and are working
in separate, albeit overlapping, fields of research. It is hoped the mini-symposium will
allow for networking, and subsequent collaboration, between researchers from broad
backgrounds and lead to further future contributions to this subject area.

From within-host to between-host: immuno-epidemiological models
of infectious disease

James Doran [jd521@bath.ac.uk]

University of Bath, UK

The impact of infectious diseases can be modelled over several spatial and temporal scales.
As a result, the model that best captures the behaviour at one scale may not be suitable
for representing the dynamics at another. We can combine these different scales and
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modelling approaches in a multiscale representation: a family of ‘nested’ models, in which
the dynamics at different scales are linked.

In this talk I will summarise the published literature on multiscale immuno-epidemiological
models of infectious diseases, outlining and contrasting the wide variety of different
approaches that have been taken across the broad range of scales on which infectious
disease dynamics play out. I will then discuss my progress in developing a new multiscale
model of tuberculosis (TB), linking an individual-based within-host model of TB progression
to a relevant between-host epidemiological representation at the population scale.

Assessing the effects of outbreak interventions in an age-structured
population: what can we learn from COVID-19?

Francesca Lovell-Read [francesca.lovell-read@merton.ox.ac.uk]

University of Oxford, UK

Age-related factors can play a critical role in shaping the transmission dynamics of
infectious pathogens. Many infectious diseases are characterised by significant age-related
variations in pathophysiology: for SARS-CoV-2, for example, children are thought to
be less susceptible to infection than adults. Younger individuals are also more likely to
experience asymptomatic or subclinical courses of infection, making them less infectious
on average than older individuals who are at increased risk of developing clinical symptoms.
Additionally, individuals in different age groups exhibit markedly different patterns of social
contacts: younger individuals tend to have far more contacts each day than older people,
giving them more opportunities to transmit a pathogen to others.

Understanding the contribution to transmission from individuals of different ages is crucial
if we are to assess the effectiveness of control interventions that target specific age
groups within the population. For example, determining whether school closures are
effective at interrupting chains of transmission is only possible if we understand the
infection risk posed specifically by school-aged individuals. Incorporating age structure
into transmission models is therefore critical for evaluating and comparing potential
intervention strategies.

In this talk, we will construct a branching process model to estimate the risk that an
infectious case arriving in a new location will initiate a local outbreak, showing how age-
related heterogeneities in social contact patterns and pathophysiology can be accounted
for. Using SARS-CoV-2 as a case study, we will demonstrate that the risk of a local
outbreak occurring depends strongly on the age of the index case and may vary substantially
from the whole population average. Using these age-stratified risk estimates, we will
explore the effects of interventions that target individuals of different ages, including
school closures, workplace closures and population wide social distancing policies, and
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consider how the success of these measures may vary between countries with differing
age demographics and social structures. This talk is adapted from [1].

References
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Estimating the impact of testing and infection prevention and control
measures on the transmission of SARS-CoV-2 in English hospitals

Stephanie Evans [stephanie.evans@phe.gov.uk]

Public Health England, UK

Prior to September 2021, 55,000-90,000 hospital inpatients in England were identified as
having a potentially nosocomial SARS-CoV-2 infection. Including cases that were likely
missed due to pauci- or asymptomatic infection we estimate that this number could be as
high as 135,000. Further, upwards of 38% of healthcare workers (HCWs) are thought to
have been infected, and there is evidence that many of these cases in HCWs may also be
nosocomially linked. Since the start of the COVID-19 pandemic, interventions in hospitals
such as testing patients on admission and universal mask wearing were introduced to
stop spread within and between patient and HCW populations, the efficacy of which is
unknown. We have developed an individual-based model of within hospital transmission
to estimate the impact of testing and other hospital-level interventions on nosocomial
transmission of SARS-CoV-2 in English hospitals. Here, we discuss the development and
calibration of this model, and highlight its utility in a public health setting. Further, we
demonstrate how individual-based models and health economic evaluation models can
be combined to answer important questions around infection prevention in a healthcare
system.

Modeling the effect of dose interval, potency, and cell-to-cell hetero-
geneity on the effectiveness of an antiviral

Juliano Ferrari Gianlupi [jferrari@iu.edu]

Indiana University, USA

Coupling a pharmacokinetic model of an antiviral therapy with an agent-based model of
viral replication and immune response reveals the importance of inter-cellular metabolic
heterogeneity on treatment outcomes. We extend our established CompuCell3D based
multicellular agent-based multiscale computational model of infection of lung tissue by
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SARS-CoV-2 to include pharmacokinetic and pharmacodynamic models of Remdesivir.
We model Remdesivir treatment for COVID-19; however, our methods generalize to
other viral infections and antiviral therapies. We investigate the effects of drug potency,
drug dosing frequency, time of treatment initiation, antiviral half-life, and variability in
cellular uptake and metabolism of Remdesivir and its active metabolite, GS–443902,
on treatment outcomes in a simulated patch of infected epithelial tissue. Non-spatial
deterministic population models, which treat all cells of a given class as identical can clarify
how treatment dosage and timing influence infection dynamics and treatment efficacy.
However, they do not reveal how cell-to-cell variability affects treatment outcomes. Our
simulations suggest that for a given treatment regime, moderate cell-to-cell variation in
drug uptake and elimination requires higher systemic drug doses (from 50% to 3 times the
dose for the homogeneous case) to achieve the same level of control of infection within
the tissue patch. Heterogeneity reduces treatment efficacy because the cells with the
lowest internal levels of active metabolite can act as super-spreaders within the tissue.
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Non-local models in mathematical biology

Jose Antonio Carrillo1, Zuzanna Szymańska2

1University of Oxford, 2University of Warsaw

Over the last 30 years, there has been an intensive development of mathematical modelling
in life and biomedical sciences. Models developed in collaboration with biologists and
physicians have repeatedly enabled the verification of existing and emerging new research
hypotheses as well as facilitated the design of new experiments. Despite the indisputable
achievements, a better and more adequate description of the considered processes is still
needed, so that, in the future, to enable linking mathematical models with experimental
data. Within this mini-symposium, we focus on models containing non-local terms to
better describe some biological phenomena. Some examples in applications are adhesive
properties of in vivo cells, animal self-organization, fibres/collagen interactions, tissue
remodelling, and polymer linking in cell movement to name a few. The objective of
this mini-symposium will be to showcase the new applications of these models, discuss
their mathematical treatment in terms of analysis and simulations, and discuss different
procedures for incorporating parameter estimation.

The mini-symposium promotes women and young scientists in mathematics as three out
of four speakers within the mini-symposium are women, and 2 speakers are at an early
career stage.

Mathematical modeling of regenerative processes in axolotl spinal
cord

Valeria Caliaro [caliaro@ljll.math.upmc.fr]

Laboratoire Jacques-Louis Lions, Sorbonne Université, France

Tissue response after amputation induces either scar formation or regeneration and,
in particular, regeneration has been observed and described in axolotl. However, what
are the mechanisms implicated in the regulation of regenerative processes and what
is their role remains poorly understood. Our goal is to develop a numerical model for
tissue regeneration and to use it to explore the main mechanisms influencing spinal cord
regeneration in axolotl. In particular, we are currently developing a 2D hybrid model
where individual 2D spheres interact via mechanical repulsion with their close neighbours
(agent-based model) and divide randomly with a division rate depending on a chemical
signal diffusing through the tissue (continuous field). We developed a Fortran90 code
to numerically explore the behaviour of solutions as function of the parameters, and
the simulations will be confronted to experimental data in order to identify the main
mechanisms in tissue regeneration. The next step will consist in exploring the limit of
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large number of individuals to derive the macroscopic (PDE) model from the agent-
based formulation, in order to perform the mathematical analysis of the corresponding
macroscopic equation.
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Excluded-volume and order in systems of Brownian needles

Maria Bruna [bruna@maths.cam.ac.uk]

University of Cambridge, UK

In this talk, we study a system of (hard-core) interacting Brownian needles. Unlike point
particles, the finite size and shape of each needles has an influence on the evolution of the
system. We explore the effects of excluded volume and anisotropy at the population level
for these systems. Since needles exclude less volume if aligned, can excluded-volume effects
alone induce order in the system? Starting from the stochastic particle system, we derive
an integro-differential equation for the population density using the method of matched
asymptotic expansions and conformal mapping. We present numerical simulations of the
particle- and population-level models, and discuss the limit of large rotational diffusion.

Nonlocal continuummodels of cell-cell adhesion and their Cahn-Hilliard
approximation

Carles Falcó [falcoigandia@maths.ox.ac.uk]

Mathematical Institute, University of Oxford

Cell-cell adhesion is one the most fundamental mechanisms regulating collective cell
migration during tissue development, homeostasis and repair, allowing cell populations to
self-organize and eventually form and maintain complex tissue shapes. Adhesive forces
are highly linked to the cell geometry and often, continuum models represent these by
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nonlocal attractive interactions [1,2]. In this talk, I will explain how such models can
be approximated by Cahn-Hilliard type equations in the limit of short-range interactions.
The resulting model is local, and numerical simulations in one and two dimensions reveal
that it still shows the diversity of patterns observed both in experiments and in previously
used nonlocal models. In addition, it also has the advantage of having explicit stationary
solutions, which provides a direct link between the model parameters and the differential
adhesion hypothesis [3].
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Bayesian inference of a non-local proliferation model

Zuzanna Szymańska [z.szymanska@icm.edu.pl]

University of Warsaw, Poland

We present a new proliferation model of cells living within a colony that is a non-local
equation with a discontinuous interaction kernel. We discuss proof of the well-posedness of
the problem and we investigate the convergence of the EBT algorithm applied to solve the
equation. The main difficulty lies in the low regularity of the kernel which is not Lipschitz
continuous, thus preventing the application of standard arguments. Therefore, we use the
radial symmetry of the problem instead and transform it using spherical coordinates. The
resulting equation has a Lipschitz kernel with only one singularity at zero. We introduce a
new weighted flat norm and prove that the particle method converges in this norm. We
present numerical simulations confirming the theoretical results. Furthermore, we discuss
the range of applicability of the model, select suitable data and apply the Bayesian method
to perform parameter estimation. Finally, we prove the stability of posterior distributions
in the total variation norm which exploits the theory of spaces of measures equipped with
the weighted flat norm.
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Quantitative investigation of the immune system’s func-
tions: from molecules to organisms, Part I

Hassan (Sam) Jamaleddine 1, Kevin Thurley 2

1McGill University, 2Bonn University

The immune system is indispensable for protecting host organisms from disease, doing
so via a complex and diffuse network of cellular and humoral players. It operates across
many biological modalities, from the genetic and molecular scale all the way up to tissues
and organs, making comprehensive study of immunity using only available experimental
techniques limited. In this minisymposium, the speakers will present different theoretical
and computational approaches, such as mathematical modelling, statistical analyses,
algorithm development, and machine learning, that they use to study the immune system
in health and disease. The goal in doing so is to complement experimental findings and
to better understand the dynamics underlying various features of immunity at different
operational scales. Over the course of two sessions, the speakers will present their
research on a variety of different themes in immunology, covering such topics as immune
cell signaling and T cell heterogeneity in acute or chronic infections, infectious disease
susceptibility and pathogenicity, immune memory and antibody landscapes post-infection,
maintenance of efficient progenitor cell differentiation, and immune cell migration across
dense lymphoid organs. Together, the studies presented here will consolidate results with
experimental data to ultimately offer new and unique insights into the intricate workings
of the immune system.

Why are cell populations maintained via multiple intermediate com-
partments?

Flavia Feliciangeli [mmff@leeds.ac.uk]

Department of Applied Mathematics, School of Mathematics, University of Leeds, Leeds,
United Kingdom

We consider the maintenance of a population of “product” cells from progenitor cells via
one or more intermediate compartments. If there is only one intermediate compartment, a
large ratio of product cells to progenitors can only be achieved at the cost of the product cell
population being dominated by large families of cells descended from individual progenitors,
and large average number of divisions separating product cells from progenitors. These
undesirable features can be avoided if there are multiple intermediate compartments.
A sequence of compartments is, in fact, an efficient way to maintain a product cell
population from a progenitor population, avoiding excessive clonality and minimising the
number of rounds of division “en route”.
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A parallalized cellular potts model that preserves system kinetics and
enables simulations at tissue scale

Shabaz Sultan [shabaz.sultan@ru.nl]

Department of Tumor Immunology, RIMLS, Radboud University Medical Centre, Nijmegen,
The Netherlands

Simulating multicellular systems involves a trade-off between high detail morphological
simulations of only a few cells, or coarse-grained simulations when large cell crowds are
studied. The cellular Potts model (CPM) is a widely used simulation methodology that
has been shown to accurately reproduce the highly deformable nature of T cells, and the
coupling of a T cell’s shape to its motility. In lymphoid organs, T cells move within highly
crowded environments. Simulations of lymphoid organs at realistic scale using the CPM
have so far been computationally infeasible, making it difficult to examine how the densely
packed environment affects the behaviour of the cell crowd at large spatial scales.

The CPM is a grid-based model where single random grid sites are updated sequentially,
making it slow for large systems. Parallelization schemes have been proposed to accelerate
CPM simulations, but we show that that these schemes introduce stratification effects
that can drastically alter simulation behaviour. These effects are especially pronounced
for simulations of cell movement. We propose a novel parallelisation scheme for modern
high-performance GPU hardware that preserves important statistical properties of waiting
times between grid updates, re-establishing correct model evolution.

In our tests, our GPU implementation of the model is tens of thousands of times faster
than the most performant existing implementations of the model. This enabled us to
simulate a densely packed three-dimensional lymphoid structure at micron-scale resolution,
containing millions of moving cells. Hence, our parallelisation schemes allows users to
scale detailed CPM simulations to the size of small organs.

Response-time modeling of immune-cell interaction networks in acute
and chronic inflammation

Kevin Thurley [kthurley@uni-bonn.de]

Institute of Experimental Oncology, Biomathematics division, Bonn University Hospital,
Bonn, Germany

Cell-to-cell communication networks have critical roles in coordinating diverse organismal
processes, such as tissue development or immune cell response. In particular, immune-cell
cytokine-driven differentiation of Th cells into the well-known Th1, Th2, Tfh subtypes,
contain multi-layered regulatory circuits in terms of interaction by diffusible ligands.
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Compared with intracellular signal transduction networks, the function and engineering
principles of cell-to-cell communication networks are far less understood. Major complica-
tions include: cells are themselves regulated by complex intracellular signaling networks;
individual cells are heterogeneous; and output of any one cell can recursively become an
additional input signal to other cells. In this talk, I will outline the key challenges on the
way to data-driven models of immune-cell interactions, and describe our strategy to tackle
those challenges with an integrated framework of experimental, statistical and analytical
tools. Using this framework, we developed a fully annotated model of Th cell dynamics in
LCMV infection in mice. Further, we analyzed the origins and consequences of spatial
inhomogeneities across T cell populations. Overall, we found that data-driven modeling
of immune cell interaction dynamics can open new perspectives on key decision-making
processes at the onset of an immune response.

How the evolving T cell avidity profile differentially impacts acute vs.
chronic viral dynamics

Hassan (Sam) Jamaleddine [hassan.jamaleddine@mail.mcgill.ca]

Department of Physiology, McGill University, Montreal, Canada

T cells are vital for maintaining functional host immunity to pathogenic invasion. The T
cell response to a given pathogen will implicate a broad collection of T cell clones (or
“clonotypes”), each possessing unique receptors that bind to pathogen-associated ligands
with dramatically varying levels of strengths, or “avidities”. Currently available experimental
techniques fall short from being able to investigate how the entire avidity profile evolves
over time. Furthermore, it is not yet clear what role T cells of different avidities play in
viral clearance, and how this differs between acute versus chronic infections. Here, I will
present the computational approach taken to address these questions. We designed a
mathematical population model, formed from a system of integro-differential equations
that represent continuum of T cell avidities together with viral load kinetics. Our results
indeed showed that high- vs. low-avidity T cells possess unique roles in defining responses
against acute and chronic challenges. Importantly, we found that T cells of higher avidity
are suitable for acute control and early pathogen clearance, while low-avidity T cells are
needed for mitigating the chronic phase and promoting eventual clearance of the pathogen.
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Single-cell dynamics and longitudinal landscapes in cancer
drug resistance and clonal evolution, Part II

Mohit Kumar Jolly 1, Yogesh Goyal2

1 Indian Institute of Science, India, 2 Northwestern University, USA

The advent of single-cell approaches have enabled investigations of cancer drug resistance
at an unprecedented resolution, revealing extensive genetic and phenotypic diversity,
often even within the cells from the same tumor. How genetic and non-genetic factors
individually and synergistically drive cell fate decisions within cancer cells is an emerging
paradigm in the studies of tumor progression and therapy resistance in cancer. The
high-dimensional datasets, when complemented with longitudinal analysis, provides a rich
avenue to develop mathematical and statistical models and reveal the underlying structure
and biologically meaningful dynamics. In this proposed minisymposium, we bring together
mathematicians and systems biologists to model tumor evolution at multiple scales, ranging
from population models to dynamical models of gene regulation to statistical analysis of
spatiotemporal single-cell heterogeneity within and across patient cohorts. The coming
together of such a diverse group of scientists from all over the world working on disparate
aspects of tumor evolution will spawn new multidisciplinary ideas and collaborations.

This minisymposium is divided into two parts of 4 talks each. 5 out of 8 speakers are
women, and 2 speakers are early career trainees. Also, all 8 speakers are from different
countries, thus showcasing our commitment to diversity from multiple dimensions.

Multiscale spatiotemporal reconstruction of single-cell genomics data

Qing Nie [qnie@math.uci.edu]

Department of Mathematics, Department of Developmental and Cell Biology, NSF-Simons
Center for Multiscale Cell Fate Research, University of California, Irvine, USA

Cells make fate decisions in response to dynamic environments, and multicellular structures
emerge from multiscale interplays among cells and genes in space and time. The recent
single-cell genomics technology provides an unprecedented opportunity to profile cells.
However, those measurements are taken as static snapshots of many individual cells that
often lose spatial information. How to obtain temporal relationships amongcells from
such measurements? How to recover spatial interactions among cells, such as cell-cell
communication? In this talk I will present our newly developed computational tools that
dissect transition properties of cells and infer cell-cell communication based on nonspatial
single-cell genomics data. In addition, I will present methods to derive multicellular
spatiotemporal pattern from spatial transcriptomics datasets. Through applications of
those methods to systems in development and regeneration, we show the discovery
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power of such methods and identify areas for further development for spatiotemporal
reconstruction of single-cell genomics data.

Single-cell analysis as a tool to reveal how phenotypic plasticity shapes
tumour evolution

Carmen Ortega Sabater [carmen.ortegasabater@uclm.es]

University of Castilla-La Mancha, Spain

Understanding the evolutionary pathways of cancer in the context of tumour development
and resistance to therapy has become a hot topic in cancer research. The need for new
conceptual approaches has posed longitudinal studies and single-cell technologies into the
spotlight to track cancer evolutionary dynamics and cell-to-cell variability [1-2]. Although
genetic alterations are key in tumour development and progression, other sources of
variation must also be present during tumour growth to match the fast evolution observed
in patients [3-4]. In previous works we have shown how tiny phenotypic variations affecting
the proliferation rate can spontaneously lead to an original clonal cell population displaying
a faster growth rate in time, even under a controlled microenvironment and in the absence
of other evolutionary pressures. These modelling results were supported with experimental
cell culture work [5]. We have also reported how in vivo growth of untreated brain
metastases reflects this sustained growth acceleration [6]. The underlying evolutionary
dynamics are still rather unknown. In this work, we will go deep into the variability in
gene expression to highlight how it reflects tumour behaviour beyond mean expression
values. By analysing different datasets from oncologic patients or tumour cell lines, we
will address if the phenotypic landscape broadens or narrows under different biological
contexts, such as treatment or tumour cells location, shaping indeed tumour evolution.
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Growth dynamics from scRNAseq inform tumor-immune co-strategies

Jakob Rosenbauer [jakob.rosenbauer@ki.se ]

Karolinska Institute, Sweden

The development of theoretical models of tumor growth is an important step in advancing
our conceptualization and mechanistic understanding of cancer development. Recent
developments in imaging, sequencing and gene editing have shed a light on a large variety
of previously unknown mechanisms. The impact of the tumor microenvironment (TME),
especially the immune system has been found to play a pivotal role in tumor emergence and
progression. Those findings have led to the development of treatment options, including
new immunotherapies that show a large potential in cancer treatment.

However, the highly adaptive and dynamic interplay of cancer and immune cells remains
only partly understood. Current immunotherapies only show a response in a fraction of
patients. Therefore, there is a need to develop theoretical and computational models
that allow the quantitative description of the interaction of the tumor and the immune
system. To develop and verify such models, detailed time-course data on tumor initiation
and maturation of the TME would be ideal ground truth. Unfortunately, such data are
impossible to obtain for clinical data and very elaborate in animal models. Clinical data is
a precious resource of information and is obtained for all human tumor types across a
wide variety of progression states. Single-cell RNA sequencing (scRNAseq) is a popular
emerging method and an ever-growing dataset of clinical and in-vivo tumor samples is
freely available. Extracting the momentary dynamics of those samples can bring us one
step closer to understanding tumor growth dynamics and the interactions with immune
cells since it quantifies the tumor progression.

Here, we developed a technique to extract the fraction of dying and dividing cells from
scRNAseq data. Those values enable us to estimate the growth dynamics of the tumor,
beyond the classical clinical measures (%KI67+ and immune hot/cold). We propose our
newly introduced classifiers as an ordering parameter to find tumor-immune co-strategies.
Slow tumor growth can be explained by slowly dividing cancer cells, but also by very
quickly dividing cancer cells with equally elevated cell death. Discerning the different
scenarios gives insights into the interplay of immune-driven cytotoxicity and immune
evasion of tumor cells. Large-scale scRNAseq datasets of clinical tumor samples across a
wide variety of tumors are available and we perform a metaanalysis across cancer types to
determine cancer-immune strategies. We are able to correlate gene expression programs
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with cell death and division rates across cancer types. Together with high-resolution spatial
transcriptomics techniques, this allows the spatiotemporal ordering of tumor-immune
interactions.

Data-driven quantification of stochastic cell state transitions in tumor
cell lines

Anja Voß-Böhme [anja.voss-boehme@htw-dresden.de]

University of Applied Sciences Dresden, Technische Universität Dresden, Germany

Intratumoral heterogeneity is a major determinant of tumor progression, metastatic spread,
and therapy response. Many cancerous cell lines exhibit a stable composition of cells in
distinct states distinguished with respect to functional and phenotypic properties. There
is evidence that such an equilibrium is associated with stochastic transitions between the
distinct states. Quantifying these transitions has the potential to better understand cell
lineage compositions. We describe the cell state transitions by a probabilistic Markov
model and introduce CellTrans, an freely available R package to quantify the transition
rates on the basis of cell state proportion data from fluorescence-activated cell sorting
and flow cytometry experiments [1]. Then we utilize the method to analyze glioblastoma
data, such challenging the identity and unique capacity of cancer stem cells (CSC) to
drive tumor growth and resistance [2], and to study irradiation-induced plasticity within
the aldehyde dehydrogenase (ALDH)-positive (ALDH+) population in prostate cancer
[3].
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Recent Progress and Open Frontiers in Turing’s Theory
of Morphogenesis

Andrew L. Krause 1, Frits Veerman2

1Durham University, UK, 2University of Leiden, The Netherlands

In 1952, Alan Turing wrote a ground-breaking paper which proposed a chemical basis for
the formation of patterns in biological development [1]. While initially neglected, this work
has since grown to be a foundational theory in embryogenesis, as well as a cornerstone
of mathematical biology. This minisymposium emerged from a Theme Issue of the
Philosophical Transactions of the Royal Society A [2] which surveyed the current state of
this field, highlighting important aspects of how modern mathematics and computational
advances have synergized with technological breakthroughs in biology to try and explain
the underlying mechanistic details of how organisms develop. The talks collected here
will sample from not just papers in this Theme Issue, but also more widely discuss related
ideas in the ever-evolving landscape of theoretical morphogenesis.

In addition to inviting contributors directly, we intentionally encouraged contributions
from early-career researchers and under-represented groups within the Morphogenesis
community (e.g. by asking PIs to recommend a early-career researchers from their lab to
speak). Many of our initial invitees were unable to attend, but we hope that the current
list of speakers is diverse in both backgrounds and perspectives on the topic.
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Optimal control problems for pattern formation in reaction-diffusion
and chemotaxis systems

Karolina Benkova1,2, John Pearson2, Mariya Ptashnyk1 [k.benkova@ed.ac.uk]

1Heriot-Watt University, UK; 2University of Edinburgh, UK

In organ and tissue development, many of the mechanisms governing formation of specific
patterns had been identified and described by systems of PDEs. However, some of the
parameters or non-linear functions in these PDEs are difficult or impossible to be measured
in laboratory conditions, and therefore have to be identified in a different way. Optimal
control theory, in particular PDE-constrained optimization, provides techniques to find
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the solutions for the unknown parameters or functions that have driven the biological
system to a particular state given by experimental data (such as an image). In this talk
we will consider the Schnakenberg model [1], which is a reaction-diffusion system for two
species of cells that gives rise to Turing patterns, and a chemotaxis system which captures
simplified cell-attractant dynamics of feather primordia pattern formation [2]. We will
show how to form the optimality conditions arising from the optimal control problem, and
discuss the numerical solution and preconditioning of the linearised system.
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Robustness of biological pattern formation in spatio-temporal mor-
phogen variations

Mohit Dalwadi [m.dalwadi@ucl.ac.uk]

University College London, UK

In biological systems, chemical signals termed morphogens self-organise into patterns that
are vital for many physiological processes. As observed by Turing in 1952, these patterns
are in a state of continual development, and are usually transitioning from one pattern into
another. How do cells decode these spatio-temporal patterns into signals in the presence
of confounding effects caused by unpredictable or heterogeneous environments?

In this talk, we develop a general theory of pattern formation in spatio-temporal varia-
tions of “pre-pattern” morphogens, which determine gene-regulatory network parameters.
Through mathematical analysis, we identify universal dynamical regimes that apply to
wide classes of biological systems. We apply our theory to paradigmatic pattern-forming
systems, and predict that they are robust with respect to non-physiological morphogen
variations. More broadly, we predict that the dynamics of pattern-forming systems with
spatio-temporally varying parameters can be classified based on the bifurcations in their
governing equations.
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Pattern formation in cell biology
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Chandrasekhar Venkataraman [C.Venkataraman@sussex.ac.uk]

University of Sussex, UK

Pattern formation underpins many cell biological processes such as signalling, polarisation
and motility. Departures from the classical setting arise due to the coupling of biochemistry
in the cell bulk, cell membrane and extra cellular space which leads to coupled problems in
complex possibly time dependent geometries. We discuss some models for such pattern
formation phenomena together with their analysis and numerical approximation.

Beyond Turing with mechano-chemical pattern formation

Frits Veerman [f.w.j.veerman@math.leidenuniv.nl]

University of Leiden

The appearance of Turing patterns is generally believed to depend on an underlying
activator-inhibitor mechanism. However, in a number of biological applications, the
experimental identification of these components has been problematic. The hypothesis of
mechano-chemical interaction, where the morphogen and the surface dynamically interact,
provides an alternative to the activator-inhibitor paradigm. We present a mechano-
chemical model, where the surface on which the pattern forms being dynamic and playing
an active role in the pattern formation, effectively replaces the inhibitor. We show how
existing ideas and techniques for the rigorous analysis of far-from-equilibrium patterns can
be extended to the mechano-chemical context, and demonstrate the use of geometric
singular perturbation theory in the construction of patterns on (and of) a planar curve.
We highlight and discuss mathematical challenges posed by this particular interplay of
partial differential equations and differential geometry.

Joint work with Anna Marciniak-Czochra, Moritz Mercker (U. Heidelberg) and Daphne
Nesenberend (U. Leiden).
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Quantitative investigation of the immune system’s func-
tions: from molecules to organisms, Part II

Hassan (Sam) Jamaleddine 1, Kevin Thurley 2

1McGill University, 2Bonn University

The immune system is indispensable for protecting host organisms from disease, doing
so via a complex and diffuse network of cellular and humoral players. It operates across
many biological modalities, from the genetic and molecular scale all the way up to tissues
and organs, making comprehensive study of immunity using only available experimental
techniques limited. In this minisymposium, the speakers will present different theoretical
and computational approaches, such as mathematical modelling, statistical analyses,
algorithm development, and machine learning, that they use to study the immune system
in health and disease. The goal in doing so is to complement experimental findings and
to better understand the dynamics underlying various features of immunity at different
operational scales. Over the course of two sessions, the speakers will present their
research on a variety of different themes in immunology, covering such topics as immune
cell signaling and T cell heterogeneity in acute or chronic infections, infectious disease
susceptibility and pathogenicity, immune memory and antibody landscapes post-infection,
maintenance of efficient progenitor cell differentiation, and immune cell migration across
dense lymphoid organs. Together, the studies presented here will consolidate results with
experimental data to ultimately offer new and unique insights into the intricate workings
of the immune system.

Modeling immunopathology during influenza-bacterial coinfection

Amber M. Smith [amber.smith@uthsc.edu]

Department of Pediatrics, University of Tennessee Health Science Center, Memphis,
Tennessee, USA

Bacterial pathogens exacerbate influenza to cause significant morbidity and mortality, and
understanding how different mechanisms contribute to susceptibility and pathogenicity is
challenging. I’ll discuss an integrative model-experiment exchange used to disentangle
viral- and bacterial-mediated effects on host immunity, pathogen dissemination within the
lung, lung pathology, and disease severity.

Mathematical modelling of anthrax infection

Bevelynn Williams [mm15bw@leeds.ac.uk]

Department of Applied Mathematics, School of Mathematics, University of Leeds, UK
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During inhalational anthrax infection, Bacillus anthracis spores are ingested by phagocytes
such as alveolar macrophages. Following phagocytosis, spores begin to germinate inside
the immune cell, and these immune cells can migrate across the lung lining to transport
the spores into the nearby lymph nodes. Once germinated, vegetative bacterial cells
can either be killed by the host phagocyte, or they can proliferate inside the phagocyte,
which can eventually lead to death of the host cell and the release of bacteria into the
extracellular environment. These events are referred to as the Trojan Horse model, and
although this hypothesis is widely accepted, the fraction of germinated spores that are
killed, rather than escaping to replicate extracellularly, is unknown. In an attempt to
answer this question and to quantify key host-pathogen interactions during inhalational
anthrax infection, we use a multi-scale mathematical modelling approach. This approach
involves constructing individual models for the intracellular and within-host dynamics, to
define key quantities characterising infection at each level, which can be used to link
dynamics across scales. At the intracellular scale, we consider a stochastic, Markov
chain model for the intracellular infection dynamics of B. anthracis in a single phagocyte,
incorporating spore germination and maturation, bacterial proliferation and death, and the
possible release of bacteria due to cell rupture [1]. Through Bayesian inference, the model
is parameterised using in vitro measurements of intracellular spore and bacterial counts
from macrophages infected with the Sterne 34F2 strain of B. anthracis [2,3]. Using
this parameterised intracellular model, we can estimate the rupture size distribution for
infected macrophages, as well as the mean time until macrophage rupture and bacterial
release. These are key quantities that can be incorporated into a within-host model of
infection. We will discuss how this stochastic modelling approach can allow us to quantify
and predict individual infection risk following exposure.
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Estimating waning of vaccine-induced immunity and protection

Veronika Zarnitsyna [veronika.i.zarnitsyna@emory.edu]

Department of Microbiology and Immunology, Emory University, Atlanta, Georgia, USA

142



Durability of vaccine-induced immunity and protection still isn’t well understood. The
longevity of immunological memory relies on the maintenance of virus-specific antibodies
and memory B and T cells and varies widely depending on the pathogen and individual’s
health status. Using statistically powerful mixed-effects differential equations, we analyzed
longitudinal data for CD8 T cell responses after the live-attenuated yellow fever vaccine
and immune responses after SARS-CoV-2 infection and Covid-19 vaccines. Our results
show that the power law decay model is more consistent with the decay of both virus-
specific CD8 T cells and antibodies to most viral epitopes compared to commonly used
exponential and bi-exponential decay models, a finding that may be useful for vaccine eval-
uation and epidemiological modeling. How immunological memory is linked to protection
is another largely unanswered question. Epidemiological data shows that protection from
the influenza vaccines and COVID-19 vaccines could wane intraseasonally. We discuss the
challenge in estimating functional forms of the fast waning of vaccine-induced protection
from the observational studies, and how the multiscale modeling framework based on
simulated studies could help address that challenge.

Advancing discovery of clinical knowledge by exploitation of func-
tional antibody landscapes

Michal Or-Guil [michal.orguil@gmail.com]

Systems Immunology Lab, Department of Biology, Humboldt-Universität zu Berlin, Ger-
many

Antibodies contain information on immune state and past immune reactions and are
therefore vehicles of clinical knowledge. The information they carry is routinely used in the
context of organ transplantation, vaccination or infectiology. The functional landscape
of antibodies is known to be highly complex, for instance, they may be protective or
inflammatory. As of now, the functional landscape of antibodies is solely defined by
a collection of phenomenological observations. Key to the future discovery of clinical
knowledge is to assemble these observations into a complete map of the antibody landscape.
In this talk, I will review the variables which determine the functional landscape, present
an approach to assemble the data provided by these variables into the map and discuss
how this map can be exploited for gain of clinical knowledge.
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Bistable genetic switches across time, space, and disci-
plines

Pilar Guerrero 1, Ruben Perez-Carrasco2

1Universidad Carlos III, Madrid, Spain, 2Imperial College London, UK

Genetic toggle switches are ubiquitous in cellular biology. The architecture of the switches
orchestrates the precise selection between two alternative expression programs that re-
press each other molecular determinants. While this static picture has been studied for
years, we are still uncovering the role that bistable switches play in the spatiotemporal
determination of cell fates. What are the timing properties of the transitory trajectories
of a genetic switch? How does noise affect the precision of this timing? What cellular
functionalities are achieved through the spatial coupling of bistable switches? These
questions are being asked continuously in a variety systems permeating different fields
of biology. For this reason, this session will be dedicated at the spatiotemporal study of
genetic bistable switches from different biological disciplines including oncology, plant
biology, development, and synthetic biology.

In this mini-symposium, we will join these communities through a diverse line-up of speakers
at different stages of their academic career. Bridging differences between disciplines we
aim to build a stronger and global mathematical biology network. We will do so while
exploring the essence of bistable switches, discussing the mathematical and computational
tools that allow their characterisation.

A stochastic bistable switch model can account for variability in seed
germination time

Pau Formosa-Jordan [pformosa@mpipz.mpg.de]

Max Planck Institute for Plant Breeding Research, Cologne, Germany

Seeds from populations of plants that are genetically similar and experience the same
environmental conditions often germinate at different time points. This variability in
germination time is thought to represent an advantageous strategy for the survival of
plant species in changing and unpredictable environments [1]. However, variability in
seed germination time as a phenotypic trait and the basis for this variability remain
elusive. We have systematically studied the variability in germination time of seeds
of different natural populations of Arabidopsis thaliana, and demonstrated that it is
reproducible and differs across populations. To understand the basis for this variability
and how it differs across populations, we built a stochastic mathematical model of the
gene regulatory network that underlies seed germination, which exhibits a time-dependent
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bistable switch behaviour. This model could qualitatively recapitulate the experimentally
observed distributions in germination time, as well as the effects of hormone treatment
on seed germination [2]. Our work establishes variability in germination time as a robust
trait to study across different plant populations and creates a new framework with which
to understand variability in germination time. Furthermore, our work characterises the
effect of stochastic fluctuations within a time-dependent bistable switch model in the
context of a developmental transition in plants.
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[1] Abley, K., Locke, J. C. W. & Leyser, H. M. O. Developmental mechanisms underlying
variable, invariant and plastic phenotypes. Ann. Bot. 117, 733–748 (2016).
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A method to coarse-grain multi-agent stochastic systems with regions
of multistability

Daria Stepanova [dstepanova@lsc-canfranc.es, dstepanova@crm.cat]

Laboratorio Subterráneo de Canfranc, Canfranc, Spain, Centre de Recerca Matemàtica,
Barcelona, Spain

Biological processes are often characterised by decision-making systems when cells adjust
their behaviour in response to external stimuli. When accounting for stochasticity in
the internal dynamics of cells, theoretical models of these processes frequently become
computationally expensive. Traditional techniques to reduce the computational intensity
of such models can lead to a reduction in the richness of the dynamics observed. We
use the large deviation theory to decrease the computational cost of a spatially extended
multi-agent stochastic system with a region of multistability by coarse-graining it to a
continuous-time Markov chain on the state space of stable steady states of the original
system [1]. Our coarse-graining technique preserves the original description of the stable
steady states of the system and accounts for noise-induced transitions between them.
We illustrate the method with a bistable system modelling phenotype specification of
cells driven by a lateral inhibition mechanism. For this system, we demonstrate how the
method may be used to explore different pattern configurations and unveil robust patterns
emerging on longer timescales. Our results show that the coarse-graining technique allows
us to substantially reduce the computational cost of simulations while preserving the rich
dynamics of the stochastic system.
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The dynamics of long-range signalling via the Notch-Delta pathway

Francisco Berkemeier [ucahfpb@ucl.ac.uk]

University College London, UK

Understanding pattern formation derived from cell-cell interactions has been a significant
theme in cellular biology for many years. Specifically, lateral-inhibition mechanisms
present in the Notch-Delta signalling pathway triggered an extensive discussion between
experimental biologists and applied mathematicians. Many ODE models have been
developed due to this discussion, some of which address long-range signalling by considering
cell protrusions reaching non-neighbouring cells. In this talk, we explore the limits of such
models in different ways, from a more theoretical approach to understanding the range of
patterning to applications in well-studied tissues of the Drosophila. We perform linear
stability analysis to understand better the robustness of well established Notch-Delta
models under certain parameter regions and further discuss a direct application of such
models on the effects of external stretching forces on wing disc development.

Detection and Design of Biomolecular Networks for Cell Decision
Making

Irene Otero Muras [irene.otero.muras@csic.es]

Computational Synthetic Biology Group. I2SysBio Institute for Integrative Systems
Biology Spanish National Research Council, València, Spain

Bistable biomolecular networks at the level of regulation and/or signaling endow cells with
the capacity of making decisions. The characteristic hysteretic dose-response curves of
bistable systems (in which a bistability interval is enclosed by two saddle-node bifurcations)
underlies the capacity of cells to change phenotype by switching from on stable state
to another (with an ON-OFF response to a graded signal). During the last decade, we
have developed a number of mathematical conditions and algorithms to effectively detect
the capacity for bistability in biochemical networks: from a condition for multistation-
arity for biochemical reaction networks with mass action kinetics [1], to the most recent
developments in bistability detection for networks of arbitrary kinetics. Our approach relies
on concepts from Chemical Reaction Network Theory, Bifurcation Theory and Nonlinear
Optimization. Starting from the graph of a biochemical network, these methods will
effectively solve the problem of ”bistability detection” [2, 3] (identifying the sources of
bistability in regulation or signaling networks, for example). In this work, we illustrate
the effectiveness of the methodology also to solve the problem of ”bistability design” in
synthetic biology, i.e., starting from an arbitrary search space (a biochemical network
superstructure, or a library of synthetic biological components) finding automatically
motifs (topologies and parameters) or biorcuits leading to bistable behaviour. Importantly,
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the method allows not only to design networks that are bistable, but also to comply with
any other feature of interest (posi- tion of the bifurcation points, range of bistability,
etc). We will demonstrate the capacity of this approach with a recent development
on the design of programmable genetic biosensors in bacteria [4]. Finally, we will also
quantify how cell decisions and bistability are affected in the presence of molecular noise,
using the formalism of Partial Integro-Differential Equation (PIDE) models for stochastic
biochemical reaction networks [5].

IOM acknowledges funding from e-MUSE MSCA-ITN-2020 European Training Network
under Marie Sklodowska-Curie grant agreement No 956126, and GAIN Oportunius Grant
from Xunta de Galicia.
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SMB Writing Groups: Showcasing the research of one
group to highlight the role of writing groups in the devel-
opment of early-career researchers

Laura F. Strube1, Joan Ponce2, Jessica Crawshaw3, Shelby M. Scott4

1 Virginia Tech, USA, 2 University of California, Los Angeles, USA, 3 The Mathematical Institute,
The University of Oxford, UK, 4 Guidehouse, LLP

SMB writing groups bring together researchers with similar areas of interest or career stage.
These groups provide ongoing opportunities to exchange manuscripts for development and
revision. In June 2020, the program introduced the four speakers who were in late-doctoral
and early-career stages. Together they represent diverse training backgrounds, writing
strengths, and areas of expertise. In the two years since, the group has cultivated each
individual’s scientific voice, strengthened the clarity of their manuscripts, and identified
their communication strengths. Additionally the group provided an avenue for support
through career progression and the challenges of COVID. In this session, writing group
members will present work that was developed and/or refined through discussion in group
meetings. Topics will include:

1. A statistical approach to studying COVID-19 and crime,

2. The development and implementation of a mechanical model of vascular develop-
ment,

3. A model for childhood diseases with gamma-distributed disease stages, and,

4. The modeling and analysis of the regulatory network underlying a intracellular
molecular mechanism

Each speaker will also discuss their experience with writing groups and the group’s role in
refining their scientific writing style.

To increase diversity and inclusion in academic spaces, it is vital to develop communities
in which each individual’s voice is heard and their work strengthened with constructive
feedback and enthusiastic curiosity. Writing groups can facilitate the growth of such
spaces with the shared goal of supporting each member’s career. This is particularly
important for early-career researchers, who face the distinct challenge of simultaneously
developing academic independence and a professional network. In this minisymposium, we
will showcase select work that has benefited from our writing group and invite members
of the audience to initiate their own writing groups.

COVID-19 and crime: Analysis of crime dynamics amidst social dis-
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tancing protocols

Shelby M. Scott [sscott41@vols.utk.edu]

1 University of Tennessee, Knoxville. Guidehouse, LLP

In response to the pandemic in early 2020, cities implemented states of emergency and
stay at home orders to reduce virus spread. Changes in social dynamics due to local
restrictions impacted human behavior and led to a shift in crime dynamics. We analyze
shifts in crime types by comparing crimes before the implementation of stay at home
orders and the time period shortly after these orders were put in place across three
cities. We find consistent changes across Chicago, Baltimore, and Baton Rouge with
significant declines in total crimes during the time period immediately following stay at
home orders. The starkest differences occurred in Chicago, but in all three cities the
crime types contributing to these declines were related to property crime and statutory
crime rather than interpersonal crimes.

SMB writing group experience: The SMB Writing Group was instrumental in editing
content and figures of this manuscript.

Examining the mechanical forces driving vascular regression using a
fluid-structure-growth model

Jessica Crawshaw [Jessica.Crawshaw@maths.ox.ac.uk]

The Mathematical Institute, The University of Oxford, UK, School of Mathematics and
Statistics, The University of Melbourne, Australia

Vascular regression is a critical process concluding the maturation of developing capillary
networks, in which redundant blood vessels are removed. Recent research suggests that
forces from the local blood flow (haemodynamic forces) trigger polarized endothelial cell
migration against the flow, resulting in capillary collapse and regression. However, vascular
regression is also driven by several additional pathways including local adhesion forces and
cellular signalling factors. Due to the delicate nature of these microvessels, it is difficult to
experimentally untangle the roles of each pathway during vascular development. As such,
the development of computational models to analyse the relationship between the local
haemodynamic forces and the surrounding vasculature during regression are invaluable.

In this talk, we will present a novel fluid-structure interaction model to mathematically
study and isolate the role of haemodynamic in vessel deformation and regression. To
model regression, we describe the capillary wall as a discretised finite element hyperelastic
membrane. The capillary wall interacts with and responds to the local blood flow in an
iterative manner, creating a coupled fluid-structure growth simulation. This discrete
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approach provides a natural framework to consider the relationship between the capillary
wall and the local blood flow, and allows for the easy inclusion of structural heterogeneities
across the capillary wall. Using this model we are able to examine the relative roles of
the haemodynamic forces and the local adhesion forces in vascular regression, and the
network level ramifications of local regression.

SMB writing group experience: The complex multi-physics and multi-scale nature of
this model presents challenges in the clear and succinct communication of the work.
The SMB Writing Group provided pragmatic and constructive advice in the drafting of
manuscripts emerging from this model. This advice was particularly helpful in identifying
areas were further clarity was required to reach a wider mathematical audience. During
this talk, we will highlight specific instances of were feedback from my writing group has
benefited both my academic growth and my work.

Realistic model assumptions increase the applicability of epidemiolog-
ical models

Joan Ponce [joanponce90@g.ucla.edu]

University of California, Los Angeles, USA

One of the common assumptions in infectious disease models is that the duration of disease
stages is exponentially distributed. This may result in discrepancies in model outcomes
between such models and models with more realistic stage distribution assumptions, such
as a gamma distribution with a shape parameter greater than one. In this talk, an ODE
model with a gamma-distributed infectious period is described and compared with a model
with an exponentially distributed infectious period. These models intend to show that,
for childhood diseases, the isolation of infected children may be a possible mechanism
responsible for the observed oscillatory behavior in incidence. This is shown analytically
by identifying a Hopf bifurcation with the isolation period as the bifurcation parameter. A
significant result is that the threshold value for isolation to generate sustained oscillations
from the model with a gamma-distributed isolation period is much more realistic than the
model assuming exponential distributions.

SMB writing group experience: The SMB writing groups provided valuable insights
to improve the organisation and presentation of proofs in this work. In addition, their
feedback has helped me streamline the writing process and improve both the structure
and style of my writing.

A mechanistic ODE model of the integrated stress response reveals
a “tug-of-war" motif that produces an analog-digital response tuned
by eIF2B
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Laura F. Strube [lfstrube@vt.edu]

Virginia Tech, USA

The integrated stress response (ISR) is a highly conserved molecular mechanism whereby
cells regulate protein translation in response to a range of stress conditions. In particular,
it allows cells to temporarily reduce most protein translation while working to reduce the
stress conditions which make protein translation dangerous. It also plays an important role
in inducing apoptosis when recovery from stress is impossible. The four key players in this
network are the translation factor eIF2α, its “recycler" eIF2B, an eIF2 kinase which acts
as a stress detector, and the transcription factor ATF4. At it’s core, this mechanism uses
the kinase to divert eIF2α and eIF2B away from the protein translation cycle. In doing
so, it attenuates canonical translation while paradoxically upregulating the expression of
stress response genes via the production of ATF4.

We describe a non-linear ODE model of ISR-induced translation regulation which incorpo-
rates probabilistically derived reaction rates for the expression of ATF4. Using bifurcation
analysis, we show that the model exhibits a range of phenomena depending on eIF2B
concentration and kinetics. At one extreme, low eIF2B produces a digital response such
that protein translation rates are altered dramatically across a stress threshold. At the
other, high eIF2B produces an analog response in which translation rates change gradually
with increasing stress. Finally we show that a “tug-of-war" between two enzymes in the
network produces a hysteretic response which may be vital for the recovery from stress.
This work identifies possible functions for the experimentally observed variation in eIF2B
concentration and kinetics across cell types.

SMB writing group experience: The SMB writing group has provided a space to
brainstorm clear communication of technical portions of my work so that it is accessible to
a wide audience. It has also accelerated my development as a scientific writer by giving me
a “front-row seat" to observe the writing process of colleagues. I highly recommend writing
groups for early-career researchers particularly those at the cusp of career transitions.
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Disease Models: Modeling, Analysis, and Simulation

Xi Huo 1, Rongsong Liu 2, Ryosuke Omori 3

1University of Miami, Coral Gables, USA, 2University of Wyoming, Laramie, USA,
3Hokkaido University, Japan

The mini-symposium focuses on the development and interpretation, mathematical and
statistical analysis, and numerical simulation with an special interest on disease models.
The biological background of all talks are based on pathogens interactions, population
dynamics, and the host-pathogen systems on both within host and population levels. The
aim of the mini-symposium is to bring together researchers with different backgrounds
(academia and industry) and from different areas of the world (Asia, Europe, and North
America) in one session for potential opportunities of future international collaborations.

Some insights into the entwined eco-epidemiology of Borrelia burgdor-
feri and Babesia microti

Ben Adams [ba224@bath.ac.uk]

Bath University, UK

Borrelia burgdorferi and Babesia microti are tick-borne parasites. Co-circulation has been
observed in some North American mouse populations. The epidemiological dynamics
are believed to be entwined through a number of within-host interactions that modify
susceptibility and transmissibility. Here we introduce a mathematical model that places
these epidemiological dynamics in an ecological context with complex seasonality driven
by tick life-history. We analyse this model to explore how the various interactions shape
prevalence and other epidemiological characteristics at different points in the seasonal
cycle.

A within-host modeling framework for SARS-CoV-2 infection to sup-
port vaccine strategies

Rachel Jennings [rljennings@ara.com]

Applied Research Associates, Arlington, USA

COVID-19 initially develops as a respiratory infection but may progress systemically.
Vaccines have garnered much attention due to their rapid development in response to
the COVID-19 pandemic and their dramatic success in reducing viral spread. Here, we
introduce a mathematical model to study mucosal and systemic immunity conferred by
intramuscular and intranasal vaccines following exposure to SARS-CoV-2. The model
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delineates between viral kinetics in the upper and lower respiratory tracts as well the
differentiates between the immunological responses activated at each site. Numerical
simulations were performed to assess optimal vaccination strategies, which may include
a combination of intranasal and intramuscular vaccines to elicit a sufficient combined
mucosal and systemic immune response. This is a joint work with Jeffry Schroeter,
Morgan Rose, and Jonathan Rolfs from Applied Research Associates, Arlington, VA, USA,
and with Angela Reynolds from Department of Mathematics, Virginia Commonwealth
University, Richmond, VA, USA.

Evolution of infection transmission prior to symptom onset

Jordi Ripoll [jr967@cornell.edu]

University of Girona, Spain, Cornell University, USA

We study a simple discrete-time model for each epidemic outbreak of an infectious disease.
The hosts are divided according to pathogen load: non-infectious asymptomatic phase,
infectious asymptomatic phase being the key-feature of the model, infectious symptomatic
phase, and immune phase with possibly wane of immunity. We are interested in the
evolution of the asymptomatic phase (mild or no symptoms) where infections take place
in larger numbers. The system takes the form of a non-linear Markov chain assuming
that transitions are based on geometric or negative binomial probability distributions.
The mathematical analysis of the whole system is reduced to a single non-linear renewal
equation. Moreover, after linearization, two natural definitions of the Basic Reproduction
number arise here: R0,a as the expected secondary asymptomatic cases produced by an
asymptomatic primary case, and R0,s as the expected number of symptomatic individuals
that a symptomatic individual will produce. We define a measure of virulence as the disease-
induced mortality, provided that individuals can develop symptoms, and we assume to be
correlated with a weighted average transmission rate. We have found that transmission
rate is higher in the symptomatic phase, but however the accumulated number of infections
is higher in the asymptomatic phase.

References
[1] D. Breda, F. Florian, J. Ripoll, R. Vermiglio: Efficient numerical computation of the
basic reproduction number for structured populations, Int. J. Nonlin. Sci. Num., 2019.
[2] C. Barril, A. Calsina, S. Cuadrado, J. Ripoll: Reproduction number for an age of
infection structured model, Math. Model. Nat. Phenom. 16 (2021) 42.

Temporal variation of contact structures during COVID-19 outbreak

Gergely Röst [rost@math.u-szeged.hu]

University of Szeged, Hungary
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We initiated a large scale citizens science project to estimate how the number and structure
of contacts changed in Hungary due to various control measures for social distancing.
Then we used this data in age structured transmission models to evaluate the impact of
interventions on the dynamics of the epidemic.
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Novel techniques for spatial analysis of biological data

Joshua Bull1, Bernadette Stolz1,2

1University of Oxford, UK, 2École Polytechnique Fédérale de Lausanne (EPFL), France

High-resolution imaging is a cornerstone of medical practice, diagnosis, and research
in a variety of diseases including cancer, metabolic diseases and parasitic diseases. For
example, Hematoxylin and Eosin (H&E) and immunohistochemistry (IHC) slides provide
inexpensive and well-understood access to high-resolution spatial data, showing individual
cell locations within samples on the order of mm of tissue. More complex multiplex
techniques, such as multiplex IHC or Imaging Mass Cytometry (IMC) can resolve up to
50 different cellular markers within a single sample.

Advances in imaging techniques and slide scanning technology mean that such images can
be digitally scanned for visualisation, object segmentation and classification. However,
techniques for objective and reproducible analysis of the resulting multi-scale spatial data
are in their infancy. A key challenge is to identify techniques from across the mathematical
spectrum which can be used to quantify multi-scale spatial structure, or interactions
between cells within medical imaging data.

In this minisymposium, we will explore current and novel mathematical approaches which
push the boundaries of medical image analysis. Talks will consider how methods such
as topological data analysis (TDA), spatial statistics, deep learning and neighbourhood
analysis can extract additional value from digitised medical images.

The line up of speakers and the organisers consist of a diverse group of people representing
the diversity of the field. We have attempted to achieve a mixed balance of genders, and
the minisymposium includes researchers with childcare responsibilities. The organisers
are Early Career Researchers, and the speakers consist of two PhD students and two
postdoctoral researchers. The speakers represent a range of nationalities and institutions
globally.

Breast tumour eco-immunology: the importance of being spatial

Simon P. Castillo [simon.castillo@icr.ac.uk]

Centre for Evolution and Cancer, The Institute of Cancer Research, UK

Breast cancer is the most common tumour type affecting women. Among the main unmet
clinical needs are the identification of mechanisms of treatment resistance, prediction of
recurrence, and prognosis of pathological evolution to invasive breast cancer [1-3]. Current
approaches often are limited to bulk biomarkers with low resolution, hence, impeding us

155



to advance in patient-tailored treatments. Tumours are unique spatial entities, and space,
often overlooked in cancer, is paramount for biological systems [4]. In this presentation,
I will talk about our application of deep-learning-powered geospatial analysis on routine
tissue samples to understand diverse scenarios of the pathological and clinical evolution
of breast tumours.

We study early resistance to endocrine therapy in 111 patients with oestrogen receptor-
positive breast cancer. In paired samples obtained before and after two weeks of aromatase
inhibitor treatment (POETIC clinical trial) [2], we observe that the baseline tumour
microenvironment is associated with the change in proliferating cells as a likely response to
antiproliferative drugs. We detected spatial clusters of cells and analysed the coexistence
between proliferative cancer cells and lymphocytes. Patients who maintain a high expression
of proliferating cancer cells following treatment exhibit lower baseline tumour/tumour-
infiltrating lymphocytes coexistence compared to patients that respond to therapy. In
addition, we show that resistance may emerge from cell aggregates of proliferating tumour
cells, which sustain proliferation and spatially evade coexistence with immune cells.

We found that spatially-explicit patterns of immune infiltration plays a pivotal role to
characterise tumour pathological trajectories during treatment. Our findings highlight the
importance of incorporating novel quantitative measures of intratumour heterogeneity
through spatially-explicit assessment of the abundance and distribution of tumour and
immune cells. By leveraging pathology, ecology, spatial analyses, and deep learning, we
foster the development of novel approaches to fulfill the clinical demands and identify
patients at high risk of resistance, recurrence, and/or progression.

Acknowledgment: We acknowledge POETIC trialists.
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Establishment of machine learning models to classify prostate tu-
mours based on the extracellular matrix and prostatic stroma
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Robert P. Jenkins and Xiao Fu [robert.jenkins@crick.ac.uk & xiao.fu@crick.ac.uk]

The Francis Crick Institute, UK

Curative treatment is successful for many prostate cancer patients but in some the
cancer recurs. It is often difficult to predict which cancers will recur, particularly with
“intermediate risk” cancers. Here, we explore clinical data composed of intermediate risk
patient biopsy samples with corresponding patient recurrence status1.

Traditionally, a pathologist would use an H&E staining of the tumour to infer from the
spatial distribution of cells and their nuclear features the patient prognosis. However,
despite previous studies suggesting a role for the prostate stroma in the progression of
these cancers2, there lacks quantitative analysis to investigate this association thus far.
Here, in addition to H&E staining, we obtain PSR staining of the biopsies that provides
spatial information about the extracellular matrix in the hope of further deepening our
understanding of the role of the tumour stroma in prostate cancer biology.

By carrying out a traditional data exploration alongside machine learning methods we
aim to describe the patterns quantitatively, learn which patterns associate with risk of
recurrence and, ultimately, predict which tumours will recur. If successful, this would
reduce psychological side effects associated with over-treatment for patients with low
recurrence risk, whilst enabling selection of patients with aggressive tumours who need
intensified systemic treatment.
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Mathematical tools for multiscale spatial analysis of multiplex im-
ages

Joshua A. Bull [bull@maths.ox.ac.uk]

University of Oxford, UK

Digital pathology enables high resolution imaging of large tissue sections, with detailed
information available describing the location and morphology of individual cells. While rou-
tinely available H&E and immunohistochemistry (IHC) images contain limited information
about the range of cell types present, advances in imaging technology such as multiplexed
IHC or Imaging Mass Cytometry (IMC) mean that highly multiplexed images can now
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be processed digitally, providing unprecedented levels of detail about cell phenotypes and
locations within the same tissue sample. With the aid of computational image analysis,
such samples can be processed automatically or semi-automatically to provide a digital
map of the tissue.

Following these advances in cell segmentation and classification, there is high demand
for novel quantitative techniques which can interpret the resulting data. In this talk, we
present a suite of novel and traditional mathematical descriptors for the analysis and
interpretation of multiplex images, deriving inspiration from fields as diverse as ecology,
astronomy, topology and statistics. These mathematical methods can be automatically
applied at a range of different length scales, building a detailed description of relationships
between cell types which ranges from a tissue-scale overview of cell localisation within a
sample to detailed spatial statistics relating the locations of individual cells.

We demonstrate the value of our approach with two case studies in which the localisation
of immune cell subtypes is critical: IMC images of covid-19 lung tissue at different stages
of disease progression, and multiplexed IHC images of colorectal cancer samples.

Using topological data analysis to unveil traits of interaction among
immune cells in colorectal lesions

Jesús J. Bosque [Jesus.Bosque@uclm.es]

Universidad de Castilla-La Mancha, Spain

Colorectal cancers (CRC) form as a consequence of the accumulation of mutations in
precancerous lesions known as adenomas. During its development and progression, the
infiltration of the immune system plays an important role, and it has been shown that
different immune profiles can lead to different survival outcomes. However, immune cells
can also be recruited by the tumour itself to promote its growth, bearing negative effects
for the patient. In this work, we consider multiplex histological imaging of coexisting CRC
and adjacent benign adenomas. These consist of 11 markers showing a range of cell types
related to stromal and immune populations, and show the location of each individual cell
within the tumour microenvironment.

From these data, we identify spatial correlations existing between pairs of cell types. We
generate spatial heatmaps of local correlation which distinguish association or exclusion
between cell populations with reference to complete spatial randomness. We analyse
these heatmaps using topological data analysis (TDA), a cutting-edge technique which
quantifies the underlying structure and shape of data. By computing persistent homology
(PH) through super-level set filtration, we identify variations in topological features. These
measures of PH can be vectorised and clustered using machine learning, giving rise to
a pipeline that quantifies and compares patterns of clustering and exclusion between
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cell types. The resulting representation of the lesion microenvironment can be used to
distinguish differences between precancerous and cancerous regions as well as to gain
insight into the progression of the disease.
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Anisotropy and finite-size effects in the emergence of col-
lective behaviour

Maria Bruna1, Markus Schmidtchen2

1Department of Applied Mathematics and Theoretical Physics, University of Cambridge,
UK, 2Institute of Scientific Computing, Technical University Dresden, Germany

Systems of many interacting particles play a prominent role in mathematical biology and
bio-medicine. Examples range from intracellular processes such as microtubule dynamics,
cell populations in tissue formation, and swarms of birds. While in the past particles had
mostly been assumed to be zero dimensional and thus been identified by their positions
(and velocities) only, we are observing a shift of paradigms: in the examples above
particles have a finite size and it is therefore important to account for the excluded-volume
interactions between particles, especially in crowded or confinement situations. This
explains the growing interest in the study of excluded-volume and shape effects on the
evolution of these systems in the math-bio community. Intuitively, we expect that the
spatial extension and shape of a particle plays an important role, for each particle then
claims a certain volume that must not be invaded by other particles. Our mini-symposium
aims at providing a platform to researches from diverse backgrounds to present and
discuss the effects of finite size and shape on the evolution of systems of interacting
particles and their role in emergent behaviour.

Nonequilibrium driven self-assembly: from micro to macro-scale

Michael Faran [faranmic@mail.tau.ac.il]

Tel-Aviv University

Self-assembly is a fundamental many-body process where disordered building blocks ag-
gregate and form an organized structure as a consequence of specific local interactions
without external direction. Theoretical models describing the process in equilibrium condi-
tions exist, yet models describing its nonequilibrium behavior are still under investigation.
Using a toy physical model of interacting distinguishable particles, we demonstrate that
local driving can improve both the assembly time and kinetic stability as well as reduce
fluctuations around the target configuration. Our results further show that nonequilibrium
self-assembly, although time-varying with a complex energy landscape, can be coarse-
grained to a stochastic process of the system total energy, with stochastic nucleation and
growth regimes. Studying nonequilibrium-driving effects on self-assembly is essential for
a deeper understanding of uncharted fundamentals of living systems, with the hope of
gaining insights for improving new synthetic functional materials.
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Mixtures of hot and cold particles

Jean-François Joanny [jean-francois.joanny@college-de-france.fr]

Collège de France, Paris, France

When two types of particles in contact with reservoirs at different temperatures are mixed
in solution, they tend to phase separate. If the particle densities are small, the solution
can be described by an effective free energy, which is very similar to a Flory free energy
for polymer mixtures. Still, this is a non-equilibrium system and there is an energy flux
from hot to cold particles.

We show that at higher concentrations the solution is non-reciprocal and no free energy can
be defined. This does not prevent the phase separation. We also discuss the self-diffusion
coefficient of a single particle in a dilute solution of particles at a different temperature,
ignoring hydrodynamic interactions. The diffusion is enhanced if the particle has a lower
temperature than the bath and it is reduced if it has a lower temperature.
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Amodel for myxobacteria colonies: Connecting microscopic to kinetic
and macroscopic scales

Laura Kanzler [laura.kanzler@sorbonne-universite.fr]

Laboratoire Jacques-Louis Lions, Paris Sorbonne Université, France

Myxobacteria are rod-shaped, social bacteria that are able to move on flat surfaces by
‘gliding’ and form a fascinating example of how simple cell-cell interaction rules, including
alignment and reversal of individuals, can lead to emergent, collective behaviour. In
this talk a stochastic many particle model for such colonies of myxobacteria will be
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introduced. Starting from it a kinetic equation of Boltzmann-type will be formally derived
and investigated. This under consideration of the special longitudinal shape of the single
bacteria as well as under the assumption of hard binary interactions between single agents
of the colony. Analytical results on the kinetic level will be presented. The talk will be
concluded by a formal macroscopic limit of the Boltzmann-type model.
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Crowding-enhanced diffusion of highly entangled self-propelled stiff
filaments

Suvendu Mandal [suvendu.mandal@pkm.tu-darmstadt.de]

Technische Universität Darmstadt, Germany

We study a strongly interacting crowded system of self-propelled stiff filaments by event-
driven Brownian dynamics simulations and an analytical theory to elucidate the intricate
interplay of crowding and self-propulsion. We find a remarkable increase of the effective
diffusivity upon increasing the filament number density by more than one order of magnitude.
This counterintuitive “crowded is faster” behavior can be rationalized by extending the
concept of a confining tube pioneered by Doi and Edwards for highly entangled, crowded,
passive to active systems [1]. We predict a scaling theory for the effective diffusivity as a
function of the Péclet number and the filament number density. Subsequently, we show
that an exact expression derived for a single self-propelled filament with motility parameters
as input can predict the nontrivial spatiotemporal dynamics over the entire range of length
and timescales. In particular, our theory captures short-time diffusion, directed swimming
motion at intermediate times, and the transition to complete orientational relaxation at
long times.
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Panel Discussion: Equity of paths into mathematical biol-
ogy

Stacey D. Finley1, Anna Konstorum2, Adam L. MacLean1

1University of Southern California, USA, 2Yale University, USA

The route to becoming a professional mathematical biologist can differ from the classical
academic career path. Indeed, individuals that have embarked on alternative paths
(including spending time in industry or government, holding research scientist positions
outside of academia or non-tenure track positions in academia, and/or coming into
mathematical biology from other fields) can contribute to the diversity of ideas and
progress in the field. Formatted as a panel discussion, we will share examples of active
mathematical biologists in academia who have had such diverse experiences. After hearing
brief presentations from the speakers about their research and career paths, we will discuss
steps that can be taken to support individuals who have training and life/work experiences
that differ from the classical academic career path to enter AND stay in the field of
mathematical biology.

The goal of this session is to highlight diverse paths and identify actions to better support
trainees with diverse background and career trajectories entering academic careers in
mathematical biology. Thus, the panel discussion directly supports the promotion of
diversity, equity, and inclusion.

Personal perspectives on career trajectory

Miranda Lynch [mlynch@hwi.buffalo.edu]

Staff Scientist, High-Throughput Crystallization Screening Center, Hauptman-Woodward
Medical Research Institute, USA

Personal perspectives on career trajectory

Luis Sordo Vieira [luis.sordovieira@medicine.ufl.edu]

Research Assistant Professor, College of Medicine, University of Florida, USA

Personal perspectives on career trajectory

Aurélie Carlier [a.carlier@maastrichtuniversity.nl]

Assistant Professor, MERLN Institute for Technology-Inspired Regenerative Medicine,
Maastricht University, The Netherlands
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Panel Discussion: Building inclusive graduate programs in
mathematical biology

Veronica Ciocanel1, Daniel Cruz2, Stacey Finley3, Jesse Kreger3

1Duke University, USA, 2University of Florida, USA, 3University of Southern California,
USA

Diverse and motivated students interested in math biology may come into theoretically-
focused PhD programs with double majors in applied scientific disciplines, or from colleges
that do not offer advanced or graduate-level math classes. These students can then find
it difficult to navigate the requirements in their program, creating a lack of confidence
and leading to potential dropout in unsupportive environments. In this panel discussion,
panelists will talk through their experiences building inclusive graduate programs in
mathematical biology, where 1) program requirements are focused on student learning
and success, and 2) students are maximally supported in their coursework and research
endeavors. We hope this discussion will be beneficial for faculty members in positions of
leadership in graduate programs, graduate students currently navigating PhD programs,
and potential graduate students looking for positive environments to continue their
studies.

In addition, please describe how the proposed mini-symposium takes into account promo-
tion of diversity, equity, and inclusion(100 words or less).

This session will be a part of the SMB DEI Committee program for the ECMTB 2022.
The panelists come from different geographic locations and bring diverse backgrounds to
the discussion. They all have leadership experience in Mathematical Biology programs and
can therefore provide different perspectives on how to promote an inclusive and equitable
environment for any and all graduate students in our field.

We propose this session to run as a panel discussion rather than as a mini-symposium.
We propose the following format: the panelists will spend 5-10 minutes describing their
program or experiences, followed by a question and answer session, with questions prepared
by the DEI committee as well as collected from the audience.

Dr. Alun Lloyd

Director of Biomathematics Program at North Carolina State University [all-
loyd@ncsu.edu]

North Carolina State University, USA

Dr. Alla Borisyuk
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Lead faculty in the Mathematical Biology Program at the University of Utah
[borisyuk@math.utah.edu]

University of Utah, USA

Dr. Juliane Liepe

Lead faculty in Quantitative and Systems Biology at MPI [ju-
liane.liepe@mpinat.mpg.de]

Max-Planck Institute for Biophysical Chemistry, Germany
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Mathematical and computational modeling of cancer evo-
lution

Philip M. Altrock1, Marek Kimmel2

1Department of Evolutionary Theory, Max Planck Institute for Evolutionary Biology, Ploen,
Germany, 2Department of Statistics, Rice University, USA

Mutation, selection and random genetic drift in evolving cell populations can be traced
using genetic, genomic, and data. Using mathematical tools and statistical analyses,
the resulting information can be leveraged to recapitulate and predict cancer evolution.
Often, this reveals both interesting insights into how mutation, selection and stochasticity
operate in concert, and challenges how we model and understand somatic evolutionary
processes.

Here, we present a a diverse and elite list of speakers that share an interest in discovering
the rules of mutation accumulation, selection processes, and the influence of random
events and genetic drift in cancer cell populations. These processes can be inferred
from tumor samples at distinct time points or over time. There are still wide gaps and
open challenges in our comprehensive mathematical understanding of integrating and
understanding genetic and genomic data gathered from cancer patients.

Our mini-symposium aims at providing a state-of-the-art insight into where this field stands
and where it is headed. To this end, the symposium will discuss how one can approach
measuring positive and negative selection on cancer genomes using applied probability
theory [1], how to quantify tumor heterogeneity based on a new theoretical framework that,
applied to whole-genome sequencing data of healthy tissue and cancer, allows inferring
the mutation rate and the cell survival/death rate per division [2], how to effectively
compare driver and passenger mutation accumulations under different population models,
and how to statistically and mathematically infer evolutionary histories of single-cell
cancer genomes [3]. These topics serve as an important complement to ecological and
agent based modeling approaches in mathematical oncology and highlight the molecular
evolution-perspective of the field as they offer rich and challenging mathematical and
computational applications.

The mission of this mini-symposium goes beyond informing about ongoing research in
cancer evolution; we seek to demonstrate that this exciting field welcomes and supports
a diverse group of researchers, with a focus on women in science and researchers from
minority backgrounds. As we take a broad view of diversity, our event seeks to show
that mathematical biology and cancer research welcome and empower underrepresented
groups including first-generation academics and minorities, and provide an international
platform of learning and success. Our list of speakers includes women and men who each
lead diverse international teams.
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Modeling and simulation of cancer evolution in single cells

Khanh Dinh [knd2127@columbia.edu]

Department of Statistics, Columbia University, USA

Recent advances in single-cell whole genome sequencing enable profiling of copy number
aberrations at high resolution in thousands of cells. Single-cell genomics data from
these technologies has enabled quantitative measurements of tumor dynamics, and
measurements of the rate of chromosomal aneuploidy, whole-genome duplications and
replication errors in tumors.

We have developed a simulation algorithm for studying single-cell dynamics in a population
of cells, incorporating somatic copy number changes, clonal selection of driver mutations
and accumulation of neutral passenger mutations. The simulator follows population
dynamics as input by the user, generates the clonal evolution forward in time, where
clones are defined by their copy number and driver mutation profiles. The phylogeny of a
sample is then computed backward in time. The algorithm is designed to be efficient for
large cell populations while maintaining statistical accuracy.

We present two examples from the simulator package. The first follows the neutral
evolution of copy number events in the population of epithelial cells in the fallopian tube.
The second investigates the evolution of high-grade serous ovarian cancer (HGSOC) driven
by genomic instability. The simulator may also be used to calibrate clonal reconstruction
algorithms used on single-cell DNA sequencing data.

Modeling of evolution of resistance to anti-cancer drugs as an evolu-
tionary process

Thomas O. McDonald [mcdonald@jimmy.harvard.edu]

Department of Data Sciences at Dana-Farber Cancer Institute, Boston, USA

169



Acquired resistance to anti-cancer therapy is a major limitation to current treatment
modalities. We can treat resistance as an evolutionary process and use mathematical
modeling to construct optimal treatment schedules to delay and/or lower the probability
that resistance arises. Identification of optimal schedules for drug administration relies
on accurately estimating the correct pharmacokinetics, pharmacodynamics, and drug
interaction effects. We will show some of the methods we are using that combine
computational modeling and statistics parameterized by preclinical experiments to identify
treatment schedules and the expected effect on cancer growth and resistance. Additionally
we account for treatment combinations, variability in pharmacokinetics, and cell-cycle
specific models and drug response data to allow for a more general range of possible
treatments in which we can identify an optimal and robust schedule.

Probabilistic approaches to inference of mutation rate and selection
in cancer

Donate Weghorn [dweghorn@crg.eu]

Centre for Genomic Regulation, The Barcelona Institute of Science and Technology,
Spain

Cancer is a highly complex system that evolves asexually under high mutation rates and
strong selective pressures. Cancer genomics efforts have identified genes and regulatory
elements driving cancer development and neoplastic progression. The detection of both
significantly mutated (positive selection) and undermutated (negative selection) genes is
completely confounded by the genomic heterogeneity of the cancer mutation rate. Here,
I present an approach to address mutation rate heterogeneity in order to increase the
power and accuracy of selection inference. This enables the inference of the probability
of nonsynonymous mutations under neutrality without additional parameters, however
explicitly taking into account cancer-type-specific mutational signatures, which are known
to be highly distinct. We then augmented our test through integrating information at the
single-nucleotide level, exposing a “selection mutational signature”. Based on a model that
accounts for the extended sequence context (>5-mers) around mutated sites, this second
component of the test identifies genes with an excess of mutations in unusual nucleotide
contexts, which deviate from the characteristic context around neutrally evolving passenger
mutations. I will show that the inclusion of this context test increases power to detect
cancer driver genes particularly when the fraction of selected nucleotides on a gene is
small. Using the combined test, we discovered a catalogue of well-known cancer driver
genes as well as a long tail of novel candidate cancer genes with mutation frequencies as
low as 1% and functional supporting evidence.

Somatic evolutionary dynamics in hierarchical tissue structures

Benjamin Werner [dweghorn@crg.eu]
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Centre for Cancer Genomics and Computational Biology, Barts Cancer Institute, Queen
Mary University of London, UK

Most somatic tissues are hierarchically organised. Self-renewing stem cells maintain a
cascade of transient progenitor and fully differentiated cells. In this presentation, I will
discuss some aspects of the somatic evolutionary process within such hierarchies. This will
include stochastic aspects of mutation fixation within finite sized stem cell populations,
mutational dynamics and dynamic equilibria states in non-stem cell compartments, ex-
pected shifts of clonal diversities in time, especially the dominance of stem cell maintained
diversity in aging tissues and aspects of differential fitness of stem and non-stem cell
driven clonal expansions.
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Physical Determinants of Subcellular Processes

Fabian Spill

University of Birmingham, UK

All major cellular functions, such as cell division, migration, muscle contractions or
metabolism, are regulated by networks of interacting molecules. The interactions in
this network are driven by chemical reactions. Hence, mathematical models are typically
based on chemical reaction networks. Recent experimental advances revealed that these
networks exhibit a high degree of spatio-temporal organisation, and they can be influenced
by physical or geometrical determinants such as mechanical forces, ionic gradients or
the dynamic arrangement of intracellular organelles that compartmentalise the reactions.
Therefore, new generations of mathematical models aim to understand the role of
such physical determinants on molecular networks and, therefore, on cell behaviour.
This mini-symposium will bring together experts that have investigated different physical
determinants on cellular function and will be of interest to the many participants interested
in understanding dynamic subcellular processes.

The invited experts reflect the broad range of mathematical biologists working in this
area and include members from historically underrepresented groups and an equal share
of male/female speakers. They also involve speakers from all career stages ranging from
the postdoctoral level to full professor.

Computational modelling of the fundamental building blocks of life

Aurélie Carlier [a.carlier@maastrichtuniversity.nl]

University of Maastricht, The Netherlands

The complexity of the biochemical and biophysical features of cell signaling are truly
remarkable. For example, signal specificity is not only determined by the type of down-
stream component but also by its temporal and spatial dynamics. Due to this complexity,
disentangling the individual contributions of signaling dynamics is challenging and requires
an interdisciplinary approach. In this talk, I will present how mechanistic models can
contribute to an improved fundamental understanding by offering a systematic way to
conduct multivariate experiments, often impossible to perform in vitro.

Reaction-Diffusion Modelling for morphological patterns in Batter-
ies

Hayley Wragg [h.wragg@sussex.ac.uk]
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University of Sussex, UK

Electrochemical phase formation occurs during the operation of conversion electrodes.
The phase formation gives way to morphological pattern diversity resulting from the
reaction-diffusion system. The model is developed using the electrochemical dynamics
and the weak formulation is used to develop finite element simulations for the morphology
and surface chemistry. The spatiotemporal reaction-diffusion model on a two-dimensional
domain, yields Turing diffusion-driven instability conditions required for the formation of
spatial structure during electrodeposition.

I will discuss the model development, constraints on the numerical simulations and the
make observations on the pattern-diversity from the results.

Molecular movement in cardiomyocyte: how do we use combination
of mathematical models and experiments to describe diffusion

Marko Vendelin [markov@sysbio.ioc.ee]

Tallinn University of Technology, Estonia

Diffusion is a process playing a major role in the cell function. Despite of acknowledging
crowded state of the cell by researchers, mathematical models of the cell function usually
assume that diffusion is fast and we can ignore cytosolic concentration gradients for the
vast majority of the processes. Such assumption has been challenged in cardiomyocytes,
cells packed with sarcomeres, mitochondria, and membranous structures. Here, I will
give an overview on what is known about diffusion in cardiomyocytes, how do we design
experiments and different types of mathematical models to study intracellular diffusion,
and what is its predicted impact on cardiac function.

A transcriptome-guided analysis of phloem metabolism

Hilary Hunt [hilary.hunt@plants.ox.ac.uk]

University of Oxford, UK

Plants play an essential role in feeding our planet. Agricultural crops cover 12% of
global land area and plant-based food makes up 82% of the global calorie supply. Crop
production increases year on year, as does our population, but agricultural land use cannot
increase at the same pace. To sustainably keep up with global food (and medicine, fuel
and building materials!) requirements, we need to find ways to improve our land use
efficiency in crop production. To this end, we are investigating bottlenecks in plant
sugar transport through a model of phloem metabolism. Phloem is the vascular tissue
in plants responsible for transporting sugars from source to sink. It is well established
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that osmotic currents drive the flow of sap through phloem vessels. The energy cost of
phloem transport is primarily in the maintenance of the concentration gradient driving
these osmotic currents. In source leaves, specialised cells known as companion cells play
an important role in actively importing sugars produced in the leaf into the phloem tissue
to maintain this gradient. The bioenergetic force behind the loading of sugars and amino
acids from the extracellular space into companion cells is generated by proton gradients at
the companion cell plasma membrane. The proton gradient across the plasma membrane
is maintained by actively pumping protons from the companion cell cytosol to the apoplast.
This allows companion cells to use proton-coupled plasma membrane symporters to import
sugars against their concentration gradients but down the proton gradient and into their
cytoplasms. From the companion cells, these sugars can freely diffuse to connected
phloem tissue. From there the osmotic currents carry them to where they are needed
within the plant. Despite their essential role in vascular plant growth, the specifics of
phloem cell metabolism remain unclear. Maintaining these concentration gradients is
likely to be an energy bottleneck in plant growth but there is still uncertainty in the source
and transfer of energy in companion cells. Combining cell-specific transcriptome data
with a computational model of metabolism within phloem cells, we explore the potential
metabolic interactions between phloem cells to identify the main contributors to this
energy bottleneck and the best targets to resolve it and increase plant growth.
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Non-local mathematical models for collective migration:
insights from analytical methods

Sara Bernardi 1, W. Duncan Martinson2

1Department of Mathematical Sciences, Politecnico di Torino, Italy, 2Mathematical
Institute, University of Oxford, UK

Collective migration is an inherently multiscale biological process, with individuals inter-
acting among each other and with their environment over potentially large spatial and
temporal ranges [1]. Many animal species, for instance, can use their senses of sight, smell,
and hearing to interact at a distance in order to determine where to travel. In a similar
aim, cells can extend long thin membrane protrusions such as filopodia to sense substrates
as far away as several cell lengths. From a mathematical perspective, these non-local
features can be incorporated in continuum frameworks via integral terms, forming what is
known as integro-differential equations.

This mini-symposium aims to highlight the work of early-to-mid career researchers who
have applied spatially non-local continuum models for collective migration in different
biological contexts, from cells to bee swarms. A variety of non-local source terms will be
considered, including those arising from advection-diffusion, fractional diffusion, kinetic,
and hyperbolic approaches. Within these frameworks, challenges and opportunities from
both the modeling and analytic viewpoints will be discussed, with a focus on the roles
of population heterogeneity and multi-cue environments. The related mini-symposium
“Insights on collective migration using agent-based modeling” shall discuss the impact of
these latter mechanisms within a discrete setting.

We have invited speakers from different countries within the EU and the UK. Furthermore,
these individuals differ in terms of both ethnicity and career level (from early to mid-career
mathematicians). We have selected a panel of four female speakers to give particular voice
for women researchers working in mathematical biology. From a scientific standpoint, the
range of biological applications of the non-local models to be discussed are wide ranging,
including for instance cell and bee migration. Nevertheless, all presentations will share a
particular emphasis of how the analysis of non-local models can provide insight into the
mechanisms underlying collective migration.
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Detecting stability and multi-stability in multispecies non-local advection-
diffusion models
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Valeria Giunta [v.giunta@sheffield.ac.uk ]

School of Mathematics and Statistics, University of Sheffield, UK

In many biological systems, it is essential for individuals to gain information from their
local environment before taking decision: through sight, hearing or smell, animals detect
the presence of other individuals and adjust their behavior accordingly. Interestingly, this
feature is not only restricted to animals, but is also found in cells. For example, some
immune cells are able to interact non-locally by extending long thin protrusions to detect
the presence of chemicals. The process of gaining information about the surrounding
environment is intrinsically non-local and mathematically this leads to non-local advection
terms in continuum models.

In this talk, I will focus on a class of nonlocal advection-diffusion equations modeling
population movements generated by inter and intra-species interactions. I will show that
the model supports a great variety of spatio-temporal patterns. If populations respond
to each other in a symmetric fashion, the system admits an energy functional that is
decreasing and bounded below, suggesting that patterns will be asymptotically stable. I will
describe novel techniques for using this functional to gain insight into the analytic structure
of the stable steady states. This process reveals a range of possible stationary patterns,
including regions of multi-stability. These will be validated via numerical simulations.

Macroscopic description of non-local movement of biological systems

Gissell Estrada-Rodriguez [gissell.estrada@upc.edu]

Department of Mathematics, Universitat Politecnica de Catalunya, Spain

In the presence of sparse attractants, the movement of both cells and large organisms
has been shown to be governed by long distance runs, according to an approximate Levy
distribution. In this talk we clarify the form of biologically relevant PDE descriptions for
such movements. Motivated by experiments we consider a microscopic velocity-jump
model in which the motion of the individuals is characterized by long runs and long waiting
times, according to a heavy-tailed distribution. From the kinetic equations obtained
from the microscopic movement we derived non-local Patlak-Keller-Segel equations and
fractional diffusion equations in the appropriate limit. We shed light on the extent to
which Levy flight behaviour impacts on the average time taken for cells to locate the
sparsely distributed infected targets.

Non-local kinetic models for cell migration in multi-cue environments

Martina Conte [martina.conte@polito.it]
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Department of Mathematical Sciences, Politecnico di Torino, Italy

In both physiological and pathological situations, cells perform directed motion in response
to external stimuli by sensing the environment with their membrane protrusions. The
presence of several biochemical and biophysical cues leading migration towards specific
targets defines a multi-cue environment in which cells have to sort and combine different,
and potentially competitive, stimuli. Following [1, 2], in this talk we develop a non-local
kinetic model for cell migration in which cell polarization is influenced simultaneously by
the fiber network and a chemotactic agent. Analyzing two possible sensing strategies, we
define the corresponding transport models and we recover the appropriate macroscopic
limit in different regimes, depending on the relation between the cell size and the variation
of the external fields [3]. Moreover, we extend the setting to include situations in which
cell migration is physically limited by the presence of dense fibrous regions affecting
cell speed. We analyze the corresponding model combining contact guidance and steric
hindrance from a microscopic and a kinetic viewpoint [4]. For both models, we perform
numerical simulations in 2D scenarios highlighting the models capability to reproduce
experimental results concerning the influence of topographical and chemical cues in either
directing and limiting cell motility. Joint work with N. Loy and L. Preziosi (Politecnico di
Torino).
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[1] N. Loy and L. Preziosi, Kinetic models with non-local sensing determining cell polar-
ization and speed according to independent cues, Journal of Mathematical Biology, 80(1):
373-421, 2020.
[2] N. Loy and L. Preziosi, Modelling physical limits of migration by a kinetic model with
non-local sensing, Journal of Mathematical Biology, 80(6): 1759-1801, 2020.
[3] M. Conte and N. Loy, Multi-cue kinetic model with non-local sensing for cell migration
on a fiber network with chemotaxis, Bulletin of Mathematical Biology, 84(3): 1-46, 2022.
[4] M. Conte, N. Loy, and L. Preziosi, A non-local kinetic model for cell migration on the
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Non-local hyperbolic models for leader-follower systems

Sara Bernardi [sara.bernardi@polito.it]

Department of Mathematical Sciences, Politecnico di Torino, Italy

Collective migration of cells and animals often relies on a specialised set of “leaders”,
whose role is to steer a population of naive followers towards some target. We formulate
a continuous model to understand the dynamics and structure of such groups, splitting a
population into separate follower and leader types with non-local interactions and different
orientation responses influencing the turning rates of group members. We incorporate
leader influence via three mechanisms: a bias in the orientation of leaders towards the
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destination (orientation-bias), a faster movement of leaders when moving towards the
target (speed-bias), and leaders making themselves more clear to followers when moving
towards the target (conspicuousness-bias). Analysis and numerical computation are used
to illustrate the various patterns displayed by the model, thus assessing the extent to which
the swarm is successfully shepherded towards the target. We find that successful leadership
can occur for each of these three mechanisms across a broad region of parameter space,
with conspicuousness-bias emerging as the most robust. However, outside this parameter
space we also find various forms of unsuccessful leadership. Forms of excessive influence
can result in either swarm-splitting, where the leaders break free and followers are left
rudderless, or a loss of swarm cohesion that leads to its eventual dispersal. Forms of low
influence, on the other hand, can even generate swarms that move away from the target
direction. Leadership must therefore be carefully managed to steer the swarm correctly.
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From single cells to populations: models and experiments

Philipp Thomas, Paul Piho

Mathematics, Imperial College London, UK

Populations of genetically identical cells are observed to exhibit phenotypic variability.
This heterogeneity is important to understand how cells function, act on internal cues,
respond to external stimuli and make decisions. Well-established approaches like stochastic
reaction networks have been used to quantify intrinsic noise mechanisms in gene expression
but they often neglect synergistic effects arising from compartmentalisation of reactions
and cell population dynamics. This mini-symposium focuses on recent advances in
stochastic modelling approaches and formalisms combining effects of intracellular noise
and population structure. These models are used to study how stochastic single-cell models
drive the population composition, for example in the context of compartmentalisation,
cell cycle dependent-gene expression, phenotypic selection or cell-to-cell coupling. While
more expressive, the complexity of such multi-scale approaches pose new problems
with respect to their analytical, computational and simulation-based solution methods.
These mathematical problems are of paramount importance for statistical inference from
experimental data. This symposium joins theoretical and data-driven approaches that
bridge the gap between modelling and experiments.

Moment-expansion methods for compartmentalized biochemical sys-
tems

Tommaso Bianucci [bianucci@mpi-cbg.de]

Center for Systems Biology Dresden, MPI-CBG, Dresden, Germany

Compartmentalised reaction systems are a ubiquitous building block of biological systems.
The interplay between the chemical and compartmental dynamics can drive rich and
complex dynamical behaviours that are difficult to analyse mathematically – especially in
the presence of stochasticity. Recently, an effective moment equation approach has been
proposed to study the statistical properties of compartmentalized biochemical systems.
The practical applicability of this approach, however, is often limited by the challenge of
finding suitable moment closure approximations. In this work we propose a systematic
method to derive closured moment dynamics for compartmentalized biochemical systems.
We show that for such systems, the moment equations involve expectations over functions
that factorize into two parts, one depending on the molecular content of the compartments
and one depending on the compartment number distribution. Our method exploits this
structure and approximates them with suitable polynomial expansions that are consistent
with the macroscopic limit. We show that the resulting set of moment equations is always
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closed and we demonstrate the validity of the approach using several biologically-inspired
systems, including organelle networks and cell populations.

Exploring transcription variability along the cell cycle with metabolic
labelling data and stochastic modelling

Dimitrios Volteras [dimitrios.volteras19@imperial.ac.uk]

Mathematics, Imperial College London, UK

Single-cell transcriptomics technologies are central in studying cell-to-cell variability in
heterogeneous cell populations. However, scRNA-seq data only reveal a static snapshot of
single-cell transcriptomic profiles and do not directly capture dynamics of gene expression.
Recently developed metabolic labelling protocols in single-cell transcriptomics aim to
monitor transcriptional dynamics by adding temporal resolution to scRNA-seq data. We
are focusing on one of these protocols, named scEU-seq [1], that combines metabolic
labelling of transcripts with cell-cycle ordering information. Analysis of scEU-seq data
allows to record mean changes and variability in gene expression levels along the cell
cycle. We have developed a stochastic model of mRNA kinetics capturing bursty synthesis
and degradation of labelled and unlabelled transcripts, driven by cell-cycle dependent
rate parameters, to be integrated with these data. Alongside the model, we propose an
inference framework based on moment equations to fit the observed mean changes and
variability of expression levels at genome-wide scale. Fitting the model to data reveals that
cell-cycle modulation of parameters such as burst size or burst frequency can explain the
observed changes in expression of particular genes along the cell cycle. This framework
can potentially elucidate how mechanistic parameters of gene expression are regulated by
the cell cycle as well as provide links between stochasticity of bursty gene expression and
cell-cycle variability.

References
[1] Nico Battich, Joep Beumer, Buys de Barbanson, Lenno Krenning, Chlóe S. Baron,
Marvin E. Tanenbaum, Hans Clevers, and Alexander van Oudenaarden. Sequencing
metabolically labeled transcripts in single cells reveals mRNA turnover strategies. Science,
367(6482):1151–1156, 2020.

Modelling selection on stochastic gene expression in clonal popula-
tions

Paul Piho [p.piho@imperial.ac.uk]

Mathematics, Imperial College London, UK

Chemical master equation models are a well established framework in modelling intracellular
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dynamics of single cells. These models account for intrinsic noise in gene expression
to model cell-to-cell variation in clonal populations. Recent advances use agent-based
modelling of growing and dividing cells to extend the chemical master equation. However,
these recent works often assume that the gene expression network of interest does not
affect the cell division and growth. Here, we propose a new agent-based framework for
gene expression systems coupling to cell division. Thus noise in these systems directly
contributes to natural selection when cells compete for growth.

Analytical solutions of the proposed models are not computationally tractable. Hence,
we present an approximation method that leverages finite state projection of stochastic
reaction networks to complement the existing simulation-based approaches. We compare
the results to effective master equation models where the cell cycle dynamics is modelled
implicitly through first-order effective decay or a dilution reaction. We use the theory
to show that the effective dilution models can be in qualitative disagreement with the
agent-based description due to the effect of selection acting on the stochastic reaction
network. Finally, we demonstrate the finite state projection method for inference using
antimicrobial resistance gene expression data and quantify the effect of selection on the
reaction network dynamics.

Mechanistic interrogation of stochastic cell-fate decisions at the sin-
gle cell level

Chetan Aditya [chetandty@gmail.com]

Inria, Paris, France, Department of Computational Biology, Institut Pasteur, Paris,
France

Development is a complex process that entails differential execution of the genetic
program in millions of isogenic cells, which act in concert to give rise to a multicellular
organism. Development is characterized by the emergence of different cell types from
a single cell type in a process called differentiation. Cells rely on biochemical reaction
networks to make these cell-fate decisions based on their internal state and signals from
the environment (including neighbouring cells). Despite the inherent stochasticity in the
generation and sensing of these signals and the subsequent heterogeneity in response to
them, the developmental program is remarkably robust. The underlying mechanisms that
would permit such robustness to manifest in light of the intrinsic and extrinsic variability
remain unexplored. In this talk, I will discuss the development of a synthetic circuit in
budding yeast that allows triggering of differentiation upon light stimulation and the
impact of changing the noise structure of the critical components of the circuit on the
dynamical behaviour at the population scale. I will then present experimental evidence of
complex couplings taking place in biological systems between the single cell and population
level processes and a mathematical model that allows us to quantitatively predict such
couplings.
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Modelling of intra- and inter-hospital transmission of multidrug-
resistant Enterobacteriaceae

Monika Joanna Piotrowska

University of Warsaw, Poland

The spread of multidrug-resistant Enterobacteriaceae in hospital network and within
particular units is an increasing worldwide problem. While traditional infection control
strategies target primarily the containment of intra-hospital transmission, recently inter-
hospital bacterial transmission is considered to be an important driver of promoting
bacterial resistance. Even though patient-to-patient transmission rates within a hospital
are often low readmissions of patients who were colonized during an earlier hospital stay
lead to repeated introductions of resistant bacteria into a hospital system. Within this
minisymposium we are going address issues at multiple levels utilizing different approaches:
deterministic modelling of pathogen spread within a healthcare facilities network [1, 2], an
agent-based approach to model transmission patterns within particular units [3] as well as
analysis of real data [1-7]. We also consider how a general theory of time-since-infection
models, which allow for superinfection, can capture recent infection histories, and how to
quantify such system’s steady states.

Presented works were made possible by grants from following national funding agen-
cies: National Science Centre, Poland, Unisono: 2016/22/Z/ST1/00690 and BMBF
01KI1704C and the Netherlands ZonMw 547001005 within the 3rd JPI AMR framework
cofound grant no 681055 for the consortium EMerGE-Net (Effectiveness of infection
control strategies against intra- and inter-hospital transmission of MultidruG-resistant
Enterobacteriaceae).

Proposed mini-symposium takes into account promotion of diversity, equity, and inclusion.
Among the speakers we have people from United Kingdom, The Netherlands and Poland,
at various stages of their professional careers from Ph.D. student to professors. Our
speakers have different scientific backgrounds: mathematics and/or epidemics. We also
ensure gender diversity among speakers.
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inter-hospital transfers on the prevalence of resistant pathogens in a hospital-community
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M.J. Piotrowska, L. Leibovici, R.T. Mikolajczyk, M.E. Kretzschmar, Relevance of intra-
hospital patient movements for the spread of healthcare-associated infections within
hospitals - a mathematical modeling study, PLOS Computational Biology, 17(2):e1008600,
2021.
[4] H. Xia H, J. Horn, M.J. Piotrowska, K. Sakowski, A. Karch A, H. Tahir, M.E.
Kretzschmar, R.T. Mikolajczyk, Effects of incomplete inter-hospital network data on the
assessment of transmission dynamics of hospital-acquired infections, PLOS Computational
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hospital network, Mathematica Applicanda, 47(1):127-139, 2019.
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The role of superinfection in evolutionary epidemiology

Helena Stage [helena.stage@manchester.ac.uk]

Manchester University, UK

The study of evolutionary epidemiology is vital to understand and control the spread of
e.g. anti-microbial resistance, but poses serious challenges due to the multi-scale presence
of the forces driving pathogen evolution. For example, selection for high within-host
fitness may reduce between-host transmission. Time-since-infection models are much
more flexible than ODEs in capturing aspects of both within- and between-host scales,
but studying the feedback loops between such scales remains non-trivial.

We will discuss how a general theory for time-since-infection models that allow for
superinfection (e.g. multi-strain systems with partial cross-immunity) can capture recent
infection history and quantify the system’s steady states. We will distinguish between
the cases when superinfection of the host facilitates the coexistence of two (or more)
infections that interact synergistically by fuelling each other’s spread (syndemic), and when
these infections hinder each other. We consider how such syndemicity of e.g. a wild-type
and mutant strain of a pathogen changes the selection pressure on the pathogens.

Relevance of intra-hospital patient movements for the spread of healthcare-
associated infections: a mathematical modelling study

Mirjam Kretzschmar [m.e.e.kretzschmar@umcutrecht.nl ]

University Medical Center Utrecht, Utrecht University, The Netherlands
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The aim of our study was to analyze patient movement patterns between hospital
departments to derive the underlying intra-hospital movement network, and to assess
if movement patterns differ between patients at high or low risk of colonization. For
that purpose, we analyzed patient electronic medical record data from five hospitals to
extract information on risk stratification and patient intra-hospital movements. Movement
patterns were visualized as networks, and network centrality measures were calculated.

Next, using an agent-based model where agents represent patients and intra-hospital
patient movements were explicitly modeled, we simulated the spread of multidrug resistant
enterobacteriacae (MDR-E) inside a hospital. Risk stratification of patients according
to certain ICD-10 codes revealed that length of stay, patient age, and mean number
of movements per admission were higher in the high-risk groups. Movement networks
in all hospitals displayed a high variability among departments concerning their network
centrality and connectedness with a few highly connected departments and many weakly
connected peripheral departments. Simulating the spread of a pathogen in one hospital
network showed positive correlation between department prevalence and network centrality
measures.

This study highlighted the importance of intra-hospital patient movements and their
possible impact on pathogen spread. Targeting interventions to departments of higher
(weighted) degree may help to control the spread of MDR-E. Moreover, when the
colonization status of patients coming from different departments is unknown, a ranking
system based on department centralities may be used to design more effective interventions
that mitigate pathogen spread.

On prevalence in healthcare facilities and modelling
of healthcare-associated infection spread

Konrad Sakowski [konrad@mimuw.edu.pl]

University of Warsaw, Poland, Institute of High Pressure Physics PAS, Poland

We use a hybrid network–compartmental model to simulate the spread of multidrug-
resistant pathogen in a healthcare system. The model takes into account two paths of
pathogen transmission between the healthcare facilities: inter-hospital patient transfers
(direct transfers) and readmission of colonized patients (indirect transfers). Model param-
eters used to create the hospital-community network are obtained from two anonymized
health-insurance datasets from Germany. For parameter values representing transmission
of resistant Enterobacteriaceae, we compute estimates for the single admission repro-
duction numbers RA and the basic reproduction numbers R0 per hospital-community
pair. Next, we simulate the spread of pathogen through the network of hospitals, and
we investigate how increasing connectedness of hospitals through the network influences
the prevalence in hospital-community pairs. We also propose infection control measures
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for lowering network-level prevalence and we study their efficiency with the presented
model.

We find that the prevalence in hospitals is determined by their RA and R0 values. Increase
of transfer rates between network nodes tends to lower the overall prevalence in the
network by diluting the high prevalence of hospitals with high R0 to hospitals where
persistent spread is not possible. We conclude that, in general, hospitals with high
single admission reproduction numbers represent a continuous source of risk for importing
resistant pathogens, for hospitals with otherwise low prevalence levels. Moreover, high risk
hospital community nodes act as reservoirs of pathogen for densely connected network.
Our simulations indicate that simple strategy of limiting pathogen spread by restricting
patient movement between hospitals are in fact counter-productive. However, targeted
hospital-based infection control measures based on institutional basic reproduction number
were found to be effective in reducing system-level prevalence.

Modelling transmission of drug-resistant bacteria by
hospital-community model with patient risk groups

Agata Lonc [a.lonc@uw.edu.pl]

University of Warsaw, Poland

We present a deterministic model describing patient movement in a single hospital-
community pair, in which the patients are divided into two groups based on whether they
are at high or low risk of colonization by bacteria. The model consists of eight ordinary
differential equations. We prove the analytical properties of the solutions, such as global
existence, uniqueness and boundedness. We compute the basic reproduction number R0.
We show that there always exists a unique disease-free steady state of the system, which
is globally asymptotically stable for R0 < 1 and unstable for R0 > 1. Furthermore, for
R0 > 1 there exists a unique endemic steady state.

We use hospitalization data provided by AOK Lower Saxony to determine the values of
parameters of the model for each hospital in the database. Then we perform numerical
simulations for separate hospital-community pairs. We find that for 17 (out of 163
considered) pairs with R0 < 1 bacteria prevalence diminishes over time, while for pairs
with R0 > 1 it stabilizes on a non-zero level. In general, the bacteria prevalence in
hospitals is higher than in the respective communities. Additionally, prevalence among
high-risk patients is considerably higher than among low-risk patients.
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Recent advances in mathematical modelling in neuroscience

Mattia Sensi1, Panagiotis Kaklamanos2

1MathNeuro Team, Inria at Université Côte d’Azur, France, 2Maxwell Institute of Mathe-
matical Sciences and School of Mathematics, University of Edinburgh, UK

Dynamical systems have long been an important tool to model and understand biological
phenomena, for instance in relation to neuronal, cardiac, and other physiological processes.
In this framework, finding a sound balance between model complexity, biological plausibility
and computational efficiency is a challenge of utmost importance, in order to not only
advance our knowledge in the field, but also to address contemporary problems and needs
in the corresponding fields of high medical and societal relevance. In this mini-symposium,
we present four recent works in the broad field of mathematical neuroscience; namely,
each speaker presents their contribution in the advancement of one of the following topics:
synaptic transmission; complex multi-timescale oscillations of membrane potentials; firing
dynamics in pyramidal neurons and interneurons; and attractors and waves in networks of
integrate-and-fire neurons. During the talks, the variety of tools and the methodologies
which have been used to reach the novel analytical results on the aforementioned models
will be discussed, with emphasis on open questions that emerged during this process and
their relations to the behaviour of the corresponding biological systems.

This mini-symposium will foster inclusion of both early career and more experienced
researchers, as three of the speakers are post-doctoral researchers, whereas the fourth is
associate professor. Diversity and inclusion are core values for the organisers, and are
evident from the fact that the speakers come from institutes that are situated in various
different countries (France, United Kingdom, Austria, The Netherlands), and also from
the fact that the invitations were based solely on merit and relevance of scientific research,
without any form of prejudice based on sex, religion or ethnicity.

A generalization of the full SNARE-SM model

Mattia Sensi [mattia.sensi@inria.fr]

MathNeuro Team, Inria at Université Côte d’Azur, France

We provide a short introduction to the SNARE-SM model proposed in [1] to describe the
release of neurotrasmitters in synapses. We highlight the use of slow-fast dynamics to
recreate experimental data exhibiting delay between an input stimulus and the correspond-
ing (asyncronous) neurotrasmitter release. In particular, we analyse the possible scenarios
in a 2D singularly perturbed system of ODEs in standard form, which serves as a building
block for the full 6D system.
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Then, we introduce a generalization of the aforementioned model, which manages to
realize more complex transient behaviours. This is achieved by increasing the complexity
of the critical manifold of the planar system of singularly perturbed ODEs. Such a model
reveals promising to recreate, on a phenomenological level, both the kiss-and-run and the
kiss-and-stay types of synaptic vesicle release [2,3].
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Geometric singular perturbation analysis of the multiple-timescale
Hodgkin-Huxley equations

Panagiotis Kaklamanos [pkaklama@ed.ac.uk]

Maxwell Institute of Mathematical Sciences and School of Mathematics, University of
Edinburgh, UK

The Hodgkin-Huxley (HH) equations [1] are one of the most successful models to describe
the propagation of action potentials in neurons. For their work, Hodgkin and Huxley
received the 1963 Nobel Prize in Physiology and Medicine. The original HH system
is four-dimensional, with dynamics evolving on at least three distinct timescales. In
this talk, we consider a non-dimensionalised version of the four-dimensional Hodgkin-
Huxley equations [2], and we present a novel and global three-dimensional reduction
that is based on geometric singular perturbation theory (GSPT). We investigate the
dynamics of the resulting reduced system in regimes in which the flow evolves on three
distinct timescales. Specifically, we demonstrate that the system exhibits bifurcations of
oscillatory dynamics and complex mixed-mode oscillations (MMOs), in accordance with
the geometric mechanisms introduced in [3], and we classify the various firing patterns in
dependence of the external applied current [4]. Time permitting, we will demonstrate how
this methodology can be applied to other systems that are expressed in similar formalisms,
such as models from cardiac dynamics.
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A new E-GLIF model for hippocampal CA1 pyramidal neurons and
interneurons

Annalisa Iuorio [annalisa.iuorio@univie.ac.at]

University of Vienna, Austria

Hippocampal CA1 pyramidal neurons and interneurons exhibit complex and highly vari-
able firing dynamics, including adapting, non-adapting, bursting that play a key role in
modulating the dynamics of the network to which they belong. These patterns can be
successfully described by morphologically and biophysically realistic conductance-based
models [1], but they cannot be easily reproduced by point neuron models. This is an
important point, because very large-scale networks aiming at modeling multiple brain
areas/regions must be implemented using (at least) simplified neurons, because of the
current technical limitations of supercomputer systems.

Building up on a previous work [2], we have implemented a new generalized leaky integrate-
and-fire (G-LIF) model for hippocampal CA1 neurons and interneurons including more
realistic reset rules for the membrane potential and intrinsic currents at each spike event.
The aim of the model is to reproduce the rich set of electrophysiological behaviours of
hippocampal CA1 pyramidal neurons and interneurons, with a particular focus on spike
times as a function of the current injection.

The linear nature of the equations (in contrast with other implementations [3]), and an
ad-hoc nondimensionalization procedure, allowed us to sensibly reduce the number of
parameters and compute analytic solutions. This approach gave us the ability to perform
a rigorous analysis of the equilibria stability as well as the monotonicity properties of the
membrane potential as a function of the model’s parameters. Furthermore, it was possible
to determine general constraints on the model parameters, which were optimized against
experimental findings. Such constraints, linked to the type of firing, lead to different
functions for the reset rules depending on the pattern considered. Differently from the
linear G-LIF models proposed in [4], which require a special set of experimental protocols
and features, the optimization process for our model is based on basic experimental data
such as spike numbers and spike-times.
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The models have been validated against electrophysiological data recorded from hippocam-
pal neurons activated by external (constant) stimuli. However, the models can reproduce
typical firing behaviour of hippocampal CA1 pyramidal neurons and interneurons also in
the presence of synaptic inputs. Finally, the reset rules allow to create infinite copies
of neurons statistically indistinguishable within the experimental variability range, and
strongly increase the ability to better reproduce the full range of realistic firing scenarios.
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Microvascular degeneration and prion propagation in Alzheimer’s dis-
ease: a multi-scale mathematical model

Andrew Ahern [oheachteirn@maths.ox.ac.uk]

Mathematical Institute, University of Oxford, UK

Alzheimer’s disease (AD) is characterised by the accumulation and propagation of toxic
proteins (amyloid β and pτ) through the brain. The resulting aggregates lead to neuronal
necrosis, brain atrophe, and progressive neurodegeneration. In recent years, mathematical
models have been used to describe the prion-like features of these proteins and their
spread, yielding valuable insights. However, none of these studies include information
on perfusion or the brain’s vasculature, an area of major and increasing interest among
neuroscientists, e.g. [1], [2]. For example, recent studies have reported that amyloid
β can decrease perfusion by occluding capillary vessels directly, by clot formation [3],
and indirectly, by inducing pericyte cells on capillaries to contract, thus increasing the
resistance to blood flow [4].

Motivated by these empirical developments, in this work, we develop the first mathematical
model of AD pathogenesis that couples prion kinetics and microvascular network damage.
Our approach is inherently multi-scale, connecting microscopic features of capillary
networks and their flow properties to a macroscopic reaction-diffusion system for prion
concentration, using homogenisation methods, stochastic simulations, dynamical systems
analysis, and diffusion-MRI-derived connectomics data.
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We demonstrate with a systematic stochastic simulation study, that the perfusion through
a collection of random microvascular network models decreases linearly on average as
the proportion of occluded capillaries increases, generalising existing results for the single-
occlusion case [5]. This result is robust to network size and topology. Next, we pose
an ODE model for the local kinetics of regular and toxic amyloid β interactions, whose
production and clearance are mediated by blood flow rate, in line with recent biological
results [3], [4]. We demonstrate that the ODE system can undergo a bifurcation from the
disease-free to toxic-dominated state, driven by microvascular degeneration. We perform
a parametric study to identify sufficient conditions for this switch to occur. Finally, we
extend the system spatially and show the existence of travelling wave solutions through
space, corresponding to the characteristic spread of amyloid β plaques through the AD
brain. Using a connectome model derived from diffusion MRI data, we apply our model in
order to gain insight into the case of stroke-induced AD.

This multi-scale modelling framework, developed in collaboration with Roche, has potential
to inform the development of anti-amyloid drugs, an area of major pharmaceutical interest,
especially since the controversial FDA approval of aducanamab last year.

Joint work with Alain Goriely, Travis Thompson, Hadiren Oliveri and Hoffman La Roche.

Acknowledgements This research was supported by a Clarendon Scholarship, Hoffman-La
Roche, and the Engineering and Physical Sciences Research Council (EPSRC).
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How to get a big picture of cancer? Recent advances in
mathematical oncology

Saskia Haupt1,2, Vincent Heuveline1,2, Aysel Ahadova3

1EMCL, IWR, Heidelberg University, Germany, 2DMQ, Heidelberg Institute for Theoretical
Studies (HITS), Germany, 3ATB, Heidelberg University Hospital, Germany

The aim of the mini-symposium is to obtain an overview of current research activities
at the interface of mathematical modeling, scientific computing, and cancer research,
bringing together scientists from different fields with the common aim of improving the
understanding of cancer as a disease. The talks will range from mathematical analyses
and methodological studies to medical and clinical applications with a strong focus on
interdisciplinary collaborations and diversity.

The proposed mini-symposium perfectly takes into account the promotion of diversity,
equity, and inclusion as we invited international speakers from different countries in Europe
and the US who are from all stages of a scientific career ranging from Ph.D. students
over postdocs and assistant professors to full professors. Our speakers have a strong
expertise in different research fields of mathematics and cancer research to foster a fruitful
exchange of ideas for the overall mathematical oncology community.

Stem cell hierarchy and cancer risk

Thomas Höfer [t.hoefer@dkfz.de]

Division of Theoretical Systems Biology, German Cancer Research Center, Heidelberg,
Germany

Renewing organs such as blood, gut and the mammary gland are at risk of developing
cancer. It is thought that malignant transformation occurs through mutation accumulation
in stem cells. However, classical theory of this process does not take into account the
hierarchical organization of tissue renewal, with stem cells, progenitors and lineage-
committed precursors. I will show theoretically how cancer can emerge from overworked
progenitors. I will then use the model to infer key parameters, such as driver mutation
rate and selective advantage, from experimental data obtained with a mouse model of
acute T cell leukemia (T-ALL), finding that leukemia rapidly develops through stochastic
tunneling of driver mutations rather than successive selective sweeps. I will discuss the
relevance of this finding for acute leukemia in humans.

This is joint work with Hans-Reimer Rodewald.

A novel model of multicellular communication through extracellular
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matrix microstructure

John Metzcar [jpmetzca@iu.edu]

Departments of Intelligent Systems Engineering and Informatics, Indiana University, USA

Extracellular matrix (ECM) is a key part of the cellular microenvironment and critical
in multiple disease and developmental processes. Representing ECM and cell-ECM
interactions is a challenging multi-scale problem that acts across both the tissue and
individual cell levels. While several computational frameworks exist for ECM modeling,
they often focus on either very detailed modeling of individual ECM fibers or only a
single aspect of the ECM and in both cases are often computationally unscalable. In this
presentation, using the PhysiCell agent-based modeling platform, we combine aspects of
previous modeling efforts and develop a framework of intermediate detail that addresses
direct cell-ECM interactions. We accomplish this using a three-variable representation
of ECM — anisotropy, density, and orientation — and place these elements of ECM
throughout space. Cells alter their motility in response to the local ECM variables and
remodel ECM based on their velocity. With stepwise introduction of the framework
features, we show a wide range of cell actions and ECM patterns that can be created.
We then demonstrate this framework with a model of cancer cell invasion where the
cell’s motile phenotype is driven by the ECM microstructure that is patterned by prior
cell motility. When paired with the ECM, the cell invasion model captures a diverse
range of tissue-level behaviors — from recapitulating a homeostatic tissue, to indirect
communication of paths (stigmergy), to collective migration. This result suggests that
cell-cell communication mitigated via the ECM enables and constitutes an important
mechanism for pattern formation in dynamic cellular patterning. Finally, we talk generally
about the tissue microenvironment, cell-cell interactions, and the use of agent-based
models to explore and hypothesize explanations of those dynamics.

Persistent homology for the spatial characterisation of tumour blood
vessel networks

Bernadette Stolz [Bernadette.Stolz@maths.ox.ac.uk]

University of Oxford, UK and EPFL, Lausanne, Switzerland

Angiogenesis, the formation of new blood vessels from existing vessels, has long been
recognised as one of the hallmarks of cancer, i.e. the steps necessary for a tumour to
become malignant. Advances in imaging techniques enable high resolution 3D visualisation
of tumour vascular networks over time and reveal abnormal structural features such as
twists and loops. Their quantification is an active area of research. In this talk I will
showcase how topological data analysis (TDA), the mathematical field that studies ‘shape’
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of data, can characterise the geometric, spatial and temporal organisation of vascular
networks. We propose two topological lenses to study vasculature, which capture inherent
multi-scale features and vessel connectivity, and surpass the single scale analysis of existing
methods. We analyse images collected using intravital and ultramicroscopy modalities
and quantify spatio-temporal variation of twists, loops, and avascular regions (voids) in
3D vascular networks.

This topological approach validates and quantifies known qualitative trends such as
dynamic changes in tortuosity and loops in response to antibodies that modulate vessel
sprouting; furthermore, it quantifies the effect of radiotherapy on vessel architecture.

Cancer-preventive vaccines in Lynch syndrome

Matthias Kloor [matthias.kloor@med.uni-heidelberg.de]

Department of Applied Tumor Biology, Heidelberg University Hospital, Heidelberg, Ger-
many

Lynch syndrome is the most common hereditary cancer syndrome. Affected individuals
have a 50 to 80% lifetime risk of developing cancer, mostly in the colorectum and
endometrium. Lynch syndrome is caused by heterozygous germ line mutations of the
DNA mismatch repair (MMR) genes. Therefore, Lynch syndrome cancers commonly show
DNA mismatch repair deficiency and microsatellite instability (MSI). MSI is associated
with a high number of somatic mutations affecting predictable sites of the genome.
These mutations result in a high load of neoantigens that can be recognized as foreign
structures by the host’s immune system. We have recently provided proof-of-concept
that it is possible to stimulate the immune system against these MSI-induced neoantigens
by vaccination. Vaccination against MSI-induced neoantigens holds great potential for
cancer prevention in Lynch syndrome carriers. We will discuss the role of Lynch syndrome
cancer pathogenesis, somatic mutation profiles, and host’s immune factors determining
the interaction of immune cells with emerging tumor cell clones.
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Bridging scales between the cytoskeleton and tissue me-
chanics

Mingfeng Qiu 1, Zoë Lange2

1Laboratoire de Physique de l’Ecole Normale Supérieure, Paris, France, 2Frankfurt Institute
for Advanced Studies, Universität Frankfurt am Main, Frankfurt am Main, Germany

Epithelial tissues deform, fluidize, stiffen, and stratify, both actively and passively. These
tissues play fundamental roles which are especially dynamic during development and wound
healing. Underlying the emergent mechanical behaviour of epithelia is the cytoskeleton
at sub-cellular scales. Besides driving tissue movement, the cytoskeleton itself also
displays rich physics such as inhomogeneities and viscoelasticity. With recent progress in
understanding active matter, usually confined to a single scale, bridging the tissue-scale
phenomenology and sub-cellular machineries is an increasingly important research direction
where multi-scale approaches are needed to overcome the limit of classical methods. We
propose a minisymposium with a selection of four speakers specialized on different fronts,
all interested in bridging scales. Two speakers take the perspective from the cytoskeleton
highlighting the connection of theory, simulations and experiments to unravel mechanisms
which impact tissue-scale behaviour [1] (and unpublished work). The other two report
advances in tissue-scale modelling to better capture the effects of sub-cellular processes,
by extending the widely-used cell-vertex model and proposing a novel multi-scale model,
respectively [2, 3]. We believe that this minisymposium will foster discussions between
researchers working on sub-cellular and tissue scales, promote acknowledgment on the
importance of multi-scale approaches, and stimulate ideas.

The organizers of this minisymposium are both non-white, with one of the two being a
woman. One of the four speakers is a woman and of a minor ethnicity group. We have
further reached out to three other woman researchers within our theme. Unfortunately
they are all unavailable. The speakers and organizers are based in a number of different
countries, with one speaker joining from another continent. With this, we have been
thoughtful of diversity while putting together the programme. Our organizers and speakers
also comprise a particularly young minisymposium, with all but one being PhD students
or postdocs.

References
[1] T. Andersen, D. Wörthmüller, et al., Cell size and actin architecture determine force gen-
eration in optogenetically activated adherent cells, bioRxiv, doi:10.1101/2022.03.15.484408,
2022.
[2] G. Erdemci-Tandogan and M. L. Manning, Effect of cellular rearrangement time delays
on the rheology of vertex models for confluent tissues, PLoS Comput Biol, 17(6):e1009049,
2021.
[3] A. Nestor-Bergmann et al., Adhesion-regulated junction slippage controls cell intercala-
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2022.

Cytoskeleton modeling: bridging molecular details, continuous theory,
and experiments

Serge Dmitrieff [serge.dmitrieff@ijm.fr]

Institut Jacques Monod, Université Paris Cité/CNRS, Paris, France

The cytoskeleton is a sub-cellular assembly of semi-flexible filaments, and their associated
proteins, forming dynamic networks. A key challenge in the field is to understand how the
large-scale properties of these networks emerge from their microscopic components. Often,
continuous models lack the microscopic details that would allow them to be compared to
experiments, and thus lack predictability, while simulations only yield numerical results
with little generality. Here we propose several methods, including information geometry,
to bridge the gaps between simulation, theory, and experiments.

Modelling optogenetic control of cell contractility and force propaga-
tion in epithelial tissue

Dennis Wörthmüller [worthmuller@thphys.uni-heidelberg.de]

Institute for Theoretical Physics, Universität Heidelberg, Germany

Animal cells use physical force to communicate with their environment, with dramatic
consequences for survival, proliferation, differentiation and migration. Force is generated
mainly by the contractile acto-myosin cytoskeleton and propagated through cell-matrix
and cell-cell adhesions. The mechanical integration of cells with their environment leads
to a bidirectional feedback loop and tensional homeostasis. We have probed the dynamics
of these circuits using optogenetic activation of the Rho-pathway combined with traction
force microscopy and adhesive micropatterning. Adherent cells are modeled as thin active
solids and the resulting system of partial differential equations is solved with the finite
element method. For single cells on circular micropatterns, we find perfect homeostasis
with a setpoint that strongly depends on cell size and cytoskeletal organization. For
epithelial cells, we find that the responder cells actively respond to generate a similar
contractile stress as the sender cells, and that force generation and propagation again
strongly depends on cytoskeletal organization. Overall, our work shows that the active
mechanics of adherent cells is strongly modulated by their internal organization, which in
turn depends on the adhesive geometry of their environment, thus generating a tightly
integrated mechanochemical feedback loop that allows for high-level control structures.

From molecules to tissues: a multiscale understanding of active tissue
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dynamics in a morphoelastic model

Alexander Nestor-Bergmann [an529@cam.ac.uk]

Department of Physiology, Development and Neuroscience, University of Cambridge,
UK

During embryonic development, biological tissues continually tune their mechanical prop-
erties to fulfil their essential duties while simultaneously reshaping to build and repair
organs. This remarkably active and versatile state is unique to living tissues and begins at
the subcellular scale, with the coordinated recruitment of specific molecules driving cell
and tissue movements. However, despite the development of powerful tools to image and
perturb subcellular molecules, it remains difficult to establish direct physical links between
subcellular properties and emergent behaviour at larger spatial scales. I will discuss how
vertex-based models can be used to describe the mechanical behaviour of tissues, directly
in terms of the properties of individual cells. However, these phenomenological cell-scale
models cannot explore how key behaviours are regulated at the subcellular scale. I will
present a multiscale model of active tissue mechanics, modelling cell cortices as contin-
uum morphoelastic rods coupled by adhesion elements. This framework can characterise
cell-level behaviours, such as plastic neighbour exchanges, the formation of topological
defects and fracture, in terms of the properties of the subcellular molecules that drive
tissue dynamics. For example, the model reveals how the turnover of adhesion molecules
regulates tension transmission and deformation rates by specifying a viscous friction that
resists slippage between neighbouring cells.

Role of cellular rearrangement time on the rheology of tissues

Gonca Erdemci-Tandogan [gonca.erdemci@utoronto.ca]

Institute of Biomedical Engineering, University of Toronto, Canada

Morphogenesis involve global-scale changes to the tissue, and in confluent tissues, large-
scale deformation requires cell rearrangements. In its simplest form, a cell rearrangement
involves neighbor exchanges among four cells, called a T1 transition. In order to complete
the T1, a sequence of molecular processes, such as endocytosis of adhesion molecules,
must occur over a finite time. In this work, we incorporate this idea by augmenting vertex
models to require a fixed, finite time for T1 transitions, which we call the “T1 delay
time”. We study how variations in T1 delay affect tissue mechanics, by quantifying the
relaxation time of tissues in the presence of T1 delays and comparing to the cell-shape
based timescale that characterizes fluidity in the absence of any T1 delays. We show
the molecular-scale T1 delay timescale dominates over the cell shape-scale collective
response timescale when the T1 delay is the larger of the two. We extend this analysis
to anisotropic tissues under convergent extension, finding similar results. We also find
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correlations between the rate of extension and rosette formation. The rearrangement
time could be a mechanism to regulate tissue mechanics and rosette formation during
morphogenesis.
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Multi-scale and data-driven modeling approaches in ecol-
ogy, immunology, and epidemiology II

Hayriye Gulbudak1, Joshua Macdonald2 & Cameron Brown1

1University of Louisiana at Lafayette, USA; 2School of Zoology, Faculty of Life Sciences,
Tel Aviv University, Israel

Ecology and epidemiology are deeply intertwined. Human activity has strong impact
on biodiversity and ecosystem destruction. Management strategies and the degree to
which these strategies are successfully implemented may create selection pressures which
drive evolution and which in turn impact the efficacy of management strategies. Thus
in both ecology and epidemiology improved mechanistic understanding of cross-scale
effects represents a challenge of critical importance. Growing human populations and
ecosystem destruction is bringing humans into closer contact with other animals. As
such epidemics and pandemics are expected to increase in frequency in the coming
decades. Thus increased understanding of methods to control the spread of disease at the
population level and of the mechanisms by which diseases replicate and interact with the
immune system at the within-host level are of critical importance. Equally important is
improved understanding of ecosystem dynamics, both present and absent human activity,
both to improve ecosystem management strategies and to increase our understanding
of ecosystem functioning in its own right. Two (not mutually exclusive) approaches
to maximize ’reality’ in such settings are data-driven and multi-scale modeling. Here
we present a number of talks from these perspectives with applications in epidemiology,
ecology, and immunology.

This is number two in a series of related symposia. In selecting speakers for our mini-
symposium we have given careful thought to diversity of our speakers in terms of career
stage, topic of talk, and underrepresented individuals in the sciences. Our speakers include
junior faculty, senior faculty, postdocs, and graduate students. More than half of our
speakers are women, and invitees are from institutions in The United States, the United
Kingdom, and Italy. In terms of affiliation interdisciplinary institutes as well as departments
of mathematics and biology are represented. Talks include data driven and multi-scale
approaches to modeling in (intersections of) epidemiology, ecology, and immunology.

Evaluating the epidemiological impact of novel genetic control strate-
gies: Considerations for the design of trials for endemic infections

Alun L. Lloyd [alun_lloyd@ncsu.edu]

North Carolina State University, USA

Novel genetic control strategies, including releases of mosquitoes that have been genetically
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modified or that carry the Wolbachia symbiont, have been proposed as measures to
combat endemic mosquito-borne infections such as dengue virus. Trials to evaluate the
epidemiological impact of Wolbachia-carrying mosquitoes on transmission of dengue virus
have been carried out. We will discuss issues surrounding the interpretation of such trials
that result from the so-called Honeymoon and Divorce effects previously described in
epidemiological models for directly-transmitted infections. We show that in order to
properly assess the impact of control, it is crucial to account for the dynamics of dengue
susceptibility in the human population. In particular, the Honeymoon effect means that a
short-term trial will give an overly optimistic view of the effectiveness of control. Due to
accumulation of susceptibility in the human population that accompanies a reduction in
transmission, short-term success of a control does not guarantee its long term success.

Possible future waves of SARS-CoV-2 infection generated by variants
of concern with a range of characteristics

Edward Hill [edward.hill@warwick.ac.uk]

The Zeeman Institute for Systems Biology & Infectious Disease Epidemiology Research,
School of Life Sciences and Mathematics Institute, University of Warwick, UK

Viral reproduction of SARS-CoV-2 provides opportunities for the acquisition of advanta-
geous mutations, altering viral transmissibility, disease severity, and/or allowing escape
from natural or vaccine-derived immunity. The unpredictability in the epidemiological
characteristics of novel pathogens means our ideas and understanding can change as we
accrue new information on the outbreak. Calibrating to the situation in England in May
2021, we used three mathematical models to investigate the effect of potential variants
of concern (VOCs) at that time: a parsimonious deterministic model with homogeneous
mixing; an age-structured model; and a stochastic importation model.

We show epidemiological trajectories for putative VOCs to be wide-ranging and dependent
on their transmissibility, immune escape capability, and the introduction timing of a
postulated VOC-targeted vaccine. We demonstrate that a VOC with a substantial
transmission advantage over resident variants, or with immune escape properties, could
generate a wave of infections and hospitalisations comparable to the winter 2020-2021
wave. We also show that even when a variant is less transmissible than the locally
dominant variant, reduced immunity can lead to a significant wave of infection as other
controls are relaxed. Our findings highlight the value of closely monitoring the evolution of
SARS-CoV-2 across a range of geographical scales to enhance local situational awareness
and quantify the risk from variants that may be of concern, with reliable and accurate
data ensuring that outputs from models of infectious-disease dynamics are as informative
as possible.

References
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Mechanistic modelling in empirical studies of arboviruses: from within
mosquito dynamics to between species transmission

Jennifer Lord [Jennifer.Lord@Istmed.ac.uk]

Liverpool School of Tropical Medicine, UK

Our group aims to use mechanistic modelling throughout the life cycle of laboratory and
field-based research projects on mosquito-borne viruses. Here I give two examples of how
we are using models to: i) guide hypotheses; ii) inform study design; iii) test hypotheses;
and iv) explore alternative scenarios. The first example focuses on using a stochastic
model of virus dynamics within the mosquito to inform the design and analysis of vector
competence experiments. In these experiments, mosquitoes are provided a blood meal
containing virus and are incubated for a set number of days before assay to identify midgut
and disseminated infections. Results from these experiments are used to estimate the
probability of host-to-mosquito transmission and the incubation period in mosquitoes for
population-level models of virus transmission. The second example then highlights how
we are integrating population-level modelling into field studies on the ecology and control
of the zoonotic arboviruses; Rift valley fever and Japanese encephalitis virus.

Epidemic dynamics with multiple strains and waning immunity

Andrea Pugliese [andrea.pugliese@unitn.it]

Department of Mathematics, University of Trento, Italy

Several models analyse strain coexistence under the assumption of temporary or partial
cross-immunity. The different behaviours that may arise under these circumstances have
been illustrated for instance in the series of papers by Aguiar and co-workers modelling
dengue [1]. Immunological mechanisms explaining temporary cross-immunity have been
elucidated by McCaw and co-workers (see e.g. [3]).

In this talk, I will explore some possible connections about these classes of models,
allowing also for the decay of immunity to the original infecting strain. First, I will examine
the dynamics of the models formulated as system of differential equations, under the
assumptions of different time scales of infection length and immunity decay. Then, I will
explore numerically epidemic models in which individuals are structured by their level of
the adaptive immune systems and infections are described as jumps in the immune level,
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where the transitions are obtained by simplifying the within-host dynamics, as in [2].
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Modeling and analysis of within-host influenza infection
and vaccination dynamics

Andreas Handel1, James McCaw2

1University of Georgia, USA, 2University of Melbourne, Australia

Influenza continues to cause a high global burden of morbidity and mortality, and the
threat of a future influenza pandemic is ever-present. Better preparedness against the virus
entails a solid understanding of virus and immune response dynamics following infection
or vaccination. Quantitative analysis and modeling are important tools toward a better
understanding of influenza. Influenza modeling has been an active area of research for
years, however there are still many outstanding questions, both related to the virus and
the immune response. In this mini-symposium, we will discuss several recent developments
in the area of within-host influenza modeling.

The speakers in our symposium have a mix of gender, ethnicity, career level and geography.
Three of the four speakers are junior level. As such, we believe the diversity represented, and
the level of equity and inclusion is a good reflection of the overall modeling community.

A macroparasite within-host framework accommodating spatial struc-
ture can recapitulate key aspects of influenza A infection dynamics

Molly E. Gallagher [mgallagher@emory.edu]

Emory University and Johns Hopkins University Applied Physics Lab, USA

Classic microparasite models of infectious disease describe the dynamics of different classes
of individuals in a population, such as the susceptible, infected, and removed classes in
an SIR model. This general framework has been used extensively to model infectious
disease dynamics at the between-host level, and has also been applied on a smaller scale
to describe the within-host spread of a pathogen through a population of cells. At the
within-host level, however, these SIR-type models do not easily allow us to consider the
impact of cellular coinfection on infected cell phenotypes and ultimately viral dynamics.
Here, we first review recent evidence that cellular multiplicity of infection strongly affects
infected cell phenotypes in the case of influenza A virus. These phenotypes include overall
viral yield, cell death rates, and the occurrence of interferon induction and superinfection
exclusion. We then present and build on recently developed within-host ‘macroparasite’-
type models, which can be modified in a scalable manner to accommodate different
functional forms for infected cell phenotypes. Finally, we fit a spatially implicit extension
of this within-host model to equine influenza data, and show that it can recapitulate
in vivo measurements of viral titer and interferon levels. This approach is particularly
applicable to modeling certain types of viral population data, including reassortant virus

203



populations and mixed populations of wild-type and cheater viruses.

Leveraging genomic diversity to gain insights into within-host in-
fluenza dynamics

Michael A. Martin [mmart59@emory.edu]

Population Biology, Ecology, and Evolution Graduate Program, Laney Graduate School,
Emory University, Atlanta, USA; Department of Biology, Emory University, Atlanta, USA

Viral sequence data are by now commonly used to gain insight into the ecological and
evolutionary dynamics of viral pathogens. However, the ability to gain insight into these
dynamics requires some extent of genetic diversity to be present in the studied viral
population. Previous analyses of deep sequencing data from clinical samples of influenza A
infection have revealed that very little diversity is generated within natural infections and
that the vast majority of the diversity that is present is not transmitted along transmission
chains, due to the small transmission bottleneck [1]. This lack of diversity hinders our
understanding of the dynamics of viral populations within and between hosts.

Here, we propose that viral genomic diversity – instead of genetic diversity in the form
of iSNVs or SNPs – can be used to shed light on the evolutionary dynamics of influenza
viral populations within- and between-hosts. We use bioinformatic analyses [2] of deep
sequencing data from natural influenza A infections [1] to quantify the amount of genomic
diversity in the form of defective viral genomes (DVGs) [3] in each sample. DVGs are
viral particles which harbor a large internal deletion in at least one of influenza’s eight
segments. This deletion renders the viruses incapable of replicating on their own, however,
they can proliferate within infections through coinfection of cells with wild-type virus. We
analyze longitudinal samples from single hosts to track the dynamics of this genomic
diversity over the course of infections. Furthermore, we compare genomic diversity across
donor and recipient hosts along transmission chains to evaluate the quantity of defective
genomes which are transmitted during natural infections.

We find that dynamics within-host are highly stochastic with rapid turnover of DVG
populations and generation of de novo DVGs. Furthermore, we observe little evidence
that these defective genomes are transmitted between hosts. These results corroborate
recent findings based on influenza A virus genetic diversity that this virus’s dynamics
are strongly governed by genetic drift within-hosts and tight transmission bottlenecks
between-hosts. This implies that natural selection within hosts is weak and likely inefficient
at maximizing viral fitness across acute transmission chains. This study adds to our
presently limited knowledge about the generation and stability of influenza DVGs during
natural human infections and provides additional insights into viral population dynamics
beyond what we are able to observe based on genetic diversity alone.
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Using mathematical models to understand viral pathogenicity of 1918
pandemic and H5N1 influenza virus infection

Ke Li [li.k1@student.unimelb.edu.au]

School of Mathematics and Statistics, The University of Melbourne, Australia

Infections associated with the 1918 pandemic H1N1 influenza virus and highly pathogenic
avian influenza H5N1 viruses in humans exhibit high virulence and often lead to severe lung
pathology. Rapid viral growth and extensive infiltration of inflammatory macrophages are
hallmarks of the highly pathogenic (HP) viral infections. Experimental data show that the
HP virus infection exhibits both a higher viral load and a higher number of macrophages
compared to low pathogenic (LP) virus infection. Potential mechanisms to explain these
observations include that HP viruses elicit weaker host immune responses through, for
example a lower level of interferon production; and/or that viral infectivity of HP viruses
is higher. To date, these hypotheses have not been tested against available kinetic data
through the rigorous application of virus dynamics models. In this talk, I will present
findings from a Bayesian statistical virus dynamics modelling work that provide new insight
into the hypothesised mechanisms for high pathogenicity of certain influenza viruses. In
particular, we test the hypothesis that HP viruses attenuate interferon production and have
an enhanced infectivity, driving high viral loads and excessive number of macrophages to
the lungs. We fit available in vivo kinetic data for both virus and macrophage populations
of both HP and LP viruses to a viral dynamic model. Our results suggest that HP viruses
have an enhanced ability to infect target cells and reduced interferon production from
infected epithelial cells, which support the experimental results. The model-based results
also show that decreased interferon production, rather than strong viral infectivity, has
the most significant impact on the cumulative level of viral loads and macrophages, which
may support the development of novel treatments that strengthen the interferon response
during HP infections.

The impact of seasonal influenza vaccine dose on homologous and
heterologous immunity
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Andreas Handel [ahandel@uga.edu]

University of Georgia, USA

Influenza vaccines often do not induce a strong protective immune response in the elderly.
To combat this, a high-dose influenza vaccine (Fluzone HD) has been developed, and is
currently approved for use in those above 65 years of age in multiple countries. While the
HD vaccine has been shown to induce a stronger response compared to the standard dose
(SD) vaccine against the influenza strains which are part of the vaccine, it is not clear if
the HD vaccine also helps induce a more broadly protective response against heterologous
strains. Here, we use multilevel Bayesian mixed effects models to evaluate the impact of
dose on antibody responses to several seasonal influenza vaccines. We find that while the
HD vaccine does overall provide better induction of immunity, there is noticable variability
between vaccine strains and seasons, with at times the HD vaccine performing worse
compared to the SD vaccine. The findings from this study can inform future formulations
of the vaccine and suggest that further explorations of different dose levels might help
improve future vaccines.
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Modelling and Estimation in Mathematical Biology

Anthony J. Kearsley

National Institute of Standards and Technology, USA

Mathematical modeling and estimation strategies are especially useful to focus on one or
more specific aspects of mathematical biology. Many of these models involve differential
equations that describe, for example, a medical device providing operation simulation and
the opportunity for performance optimization. Another modeling example in mathematical
biology involves probabilistic/stochastic models that define classification strategies that
in turn guide diagnostic testing. In this minisymposium, both of these themes will be
investigated through specific ‘real world’ examples. The theme of metrology and the
role of data will be explored in these real-world applications of mathematical modeling
to biology. Here, mathematical models are inherently tied to model selection and to
measurement data. They are all linked by the common desire to predict, simulate or
optimize an important biological process.

The minisymposium’s participants promote diversity, equity, and inclusion.

Optimal time-dependent classification for diagnostic testing

Prajakta Bedekar [pbedeka1@jh.edu]

Johns Hopkins University, USA

Antibody tests can identify past infection by quantifying the immune response of an
infected individual, thereby providing guidance for decisions about public health measures.
The relative antibody measurements change with time due to the variation in an individual’s
antibody levels and prevalence in the population as the pandemic progresses. We first build
appropriate models which take into account the intricacies of the real-world data, and
then use optimal decision theory to develop a time-dependent, probabilistic classification
scheme which takes both the personal and the population-level effects into account.
These classification domains change with time and suggest a natural adaptive scheme for
estimation of prevalence, taking into account the progression of the pandemic through
the use of publicly available data. We demonstrate the results by using a combination of
SARS-CoV-2 and synthetic data sets, and detail the type of data needed to execute this
scheme in real-world settings.

Optimal multiclass classification and class prevalence estimation with
applications to SARS-CoV-2 antibody assays

Rayanne A. Luke [rluke3@jhu.edu]
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Johns Hopkins University, USA

An accurate classification strategy is crucial to interpreting diagnostic test results. Gener-
alizing this task to settings with more than two classes is an open problem. Classification
is further complicated when the relative fraction of the population in each class, or gener-
alized prevalence, is unknown. We develop (1) a prevalence estimation method that does
not rely on classification and (2) an associated classification scheme that minimizes the
prevalence-weighted false classification rate for an arbitrary number of classes. Probability
models for training data are inputs to this optimal-decision theory framework.

As a tri-class example, we apply our methods to antibody data from Ainsworth et al.
(2020) and Wei et al. (2021) with SARS-CoV-2 negative, previously infected, and
vaccinated individuals. We build conditional probability models based on the training data,
estimate prevalences for the test population, and perform classification. Our results yield
average prevalence estimate and classification errors of 5.74 % and 7.72 %, respectively.
We also use synthetic data to show that our class prevalence estimates converge in mean
square to the true values. These methods could be adopted for use in public health and
clinical settings.
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A Mathematical Model for Biological Field Effect Transistors

Ryan M. Evans [Ryan.Evans@nist.gov]

National Institute of Standards and Technology, USA

Biological field effect transistors (Bio-FETs) are modern bioelectronics instruments offering
valuable and novel biomarker measurements. In contrast to traditional measurement
techniques that require specialized facilities and expensive equipment, Bio-FETs offer
rapid, accurate and low-cost measurements. Since these instruments are hand-held and
portable, they promise to yield wider accessibility to critical medical diagnostic tests.
During a typical experiment, a chemical reactant bath is injected into a solution-well
containing a buffer fluid. These chemical reactants diffuse through the solution-well and
bind with chemical reactants confined to a sensor surface. This produces a time-series
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signal that can be used to analyze the chemical reaction of interest. The process can be
mathematically modeled with a diffusion equation that is coupled nonlinearly to a kinetics
equation describing reactions on the sensor surface. There is a discontinuity in one of the
boundary conditions owing to the geometry of the device. An elegant reformulation of
this coupled set of partial differential equations that allows us to obviate the discontinuity
will be presented and a comparison with experimental data will be given.

Optimal Bandwidth Selection in Bio-FET Measurements

Luis A. Melara [lamelara@ship.edu]

Shippensburg University, USA

The use of stochastic regression to separate signal from noise produced by Bio-FETs will
be discussed in this talk. The noise realized by BioFETs interferes with quantitative and
qualitative analysis, thus determining optimal bandwidth associated with experimental
Bio-FET data measurements is an important task. Presented results suggest consistent
across aspect rations and a choice of stochastic regression kernel function and yield what
appear to be good results.
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Digital twins in medicine: where we are, where we are
heading, and what is needed

Luis Sordo Vieira

University of Florida

The concept of digital twins, or real time instantiations of physical processes, is gaining
traction in biomedical research. Without doubt, this is due to an increasing availability of
large amounts of detailed data and an increase in computational power. Whether it is
to better prepare for the next pandemic [1], improve precision medicine in cardiology [2],
or as part of medical devices [3], the present and future of medicine, of which medical
digital twins will likely play a major role, will require robust and resilient mathematical
and computational tools. This brings a unique opportunity for the mathematical biology
community to rise to the challenges ahead. This minisymposium will highlight existing
prototypes of digital twins, including both mechanistic and AI-based models, and a
discussion of the pressing problems and challenges that will need to be resolved to make
digital twins a reality.

Development of a virtual Rheumatoid Arthritis synovial fibroblast for
large-scale dynamic analysis and efficient drug-target identification

Anna Niaraki [anna.niaraki@univ-evry.fr]

Universitè Paris-Saclay & INRIA Saclay - Île-de-France

Rheumatoid arthritis (RA) is a complex, systemic autoimmune disease that primarily affects
the lining of the synovial joints and involves an intricate interplay among genotype and
environmental triggers. Early RA starts with the infiltration of the synovial compartment by
leukocytes. Then, the synovial fluid is inundated with pro-inflammatory mediators inducing
an inflammatory cascade characterized by interactions of fibroblast-like synoviocytes (FLS)
with cells of the innate and the adaptive immune system. Cytokines such as TNFα and
IL–6 are key mediators, whereas drugs that inhibit these cytokines are leading RA therapies.
Unfortunately, despite a growing number of such drugs, 40% of patients fail to respond
to therapy. Furthermore, RA FLS play a significant role in initiating and perpetuating
destructive joint inflammation as they express immuno-modulating cytokines, adhesion
molecules, and matrix-modelling enzymes, displaying an apoptosis-resistant phenotype.
Thus, RA FLS are primary drivers of inflammation and RA FLS-directed therapies could
become a complementary approach to immune-directed therapies. Recently, many studies
have shown that RA FLS activation and the subsequent joint damage are associated with an
altered metabolism that may be therapeutically targetable. The project aims to construct a
virtual RA FLS and develop a computational method to simulate large-scale coupled logical
and metabolic models using Boolean and constrained based modelling. The digital RA
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FLS can be used to predict intervention points for minimizing the sustained inflammation,
bone erosion and cartilage destruction and identify druggable metabolic switches that
could help us reprogram these cells to acquire an anti-inflammatory phenotype.

Artificial intelligence approaches for cancer personalized medicine

María Rodríguez Martínez [mrmr@zurich.ibm.com]

IBM Zurich Research Laboratory, Zurich, Switzerland

In this talk, I will present current activities of the Computational Systems Biology group
at IBM Research - Zurich that illustrate high-quality molecular data can power the
development of computational models for cancer personalized medicine. Focusing first on
the problem of predict drug responses, I will present PaccMann, a deep learning model that
can ingest disparate data types that are informative to predict drug sensitivity in cancer
cell lines. These include the chemical structure of the compound, transcriptomic profiles
and prior knowledge of important genes and molecular interactions. I will also discuss how
deep learning appraoches can facilitate the early phases of drug discovery, and describe
how we can design new candidate compounds using reinforcement learning. In contrast
with many existent models that generate compounds with desired chemical properties, our
approach maximises efficacy for the specific biomolecular characteristics of each patient.
Focusing next on cancer immunotherapies, I will present TITAN, a sequence-based deep
learning model that predicts the binding of T cell receptors and epitopes. A correct
understanding of T cell binding is essential to design effective T cell-based therapies that
exploit cytotoxic T cells to fight cancer cells. A main challenge of these therapies is the
prediction of associated toxicities associated with T cell off-target binding. To address
this question, we have developed DECODE, an easy-to-use computational pipeline to
extract the binding rules from any black-box model designed to predict the TCR binding.
While TITAN exhibits significantly improved performance compared with the state-of-the
art, DECODE enables the investigation of the rules that govern the binding, which is
an essential step to engineer receptors of improved affinity. Finally, I will discuss how
the integration of AI and mechanistic models can facilitate the investigation of current
immunotherapeutic challenges and enable the personalized design of new therapeutic
approaches.

Virtual clinical trials to identify improved regimens for treatment of
TB

Maral Budak [mbudak@umich.edu]

Department of Microbiology and Immunology, University of Michigan, USA
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Tuberculosis (TB) is caused by the inhalation of Mycobacterium tuberculosis (Mtb),
leading to ∼1.5 million deaths every year. Mtb mainly infects lungs and triggers the
formation of dense cellular structures composed of immune cells, bacteria, and dead tissue,
called granulomas. The best animal model for studying TB is a non-human primate, and
while those data are informative, sample numbers are low. Creating a virtual host to
further understand the dynamics and perturbations during infection is crucial to making
predictions that can advance understanding in this complex disease. To this end we
created GranSim, our computational, multi-scale model of host-pathogen interactions and
drug activity that simulates spatio-temporal dynamics of TB granulomas. Of importance
for treatment, the complex structure of granulomas prevents the effective penetration
of antibiotics used to treat TB. Moreover, the heterogeneity of granulomas gives rise
to various microenvironments for Mtb, where bacteria acquire different metabolic states
that determine the potency of antibiotics either singly or in combination. Due to these
reasons, TB treatment requires treatment with multiple antibiotics over long periods
(6-9 months), causing prolonged side effects and compliance issues. Using a virtual
primate model, we can identify optimal multidrug therapies and regimens for TB, which is
essential to treat TB more effectively. In this study, we combined in vitro drug interaction
predictions within GranSim to simulate spatio-temporal dynamics of the host immune
response to TB during drug treatment. We used this model to test drug candidate
regimens systematically in order to predict optimal drug regimens that can be tested in
vivo. This study will potentially lead to the discovery of more effective drug regimens that
shorten the treatment window and have fewer side effects.

Mathematics in 21st Century Medicine: Digital Twins

Reinhard C. Laubenbacher [reinhard.laubenbacher@medicine.ufl.edu]

Division of Pulmonary, Critical Care, and Sleep Medicine, University of Florida, USA

The field of medicine is undergoing a profound transformation. We have an increased
understanding of the mechanisms underlying disease, and we have access to large amounts
of routinely collected patient data, from molecular to population levels. This allows us to
envision the reality of personalized computational models, medical digital twins, that can
be used for individual prediction, decision support, and discovery of novel therapeutics.
This talk will provide some examples of medical digital twins, and discuss the major
challenges and opportunities for the mathematical biology community in this field.
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Brain Rhythms in Health and Disease, Part I

Anmar Khadra1, Stephen Coombes2

1McGill University, Canada, 2University of Nottingham, UK

Large scale neural oscillations form different patterns of brain activity that play a funda-
mental role in defining behavior, arousal level, sleep states or motor control of animals.
These rhythmic patterns range from synchronous to asynchronous activity and can switch
back and forth between them upon perturbation [1]. Abnormalities in these patterns
are associated with many diseases, including epilepsy, autism, and cognitive dysfunction.
They are typically measured using electroencephalogram, electrocorticogram, and local
field potential recordings and analyzed computationally using both machine learning and
neural network modeling. Exploring how these large scale spatiotemporal neural patterns
are generated in health and disease using quantitative techniques allows us to decipher
their underlying dynamics, identify what role they play, and discover therapies to treat
abnormalities [2]. In this minisymposium, speakers will give an overview of recent advances
made in this field and the state of the art computational techniques that have been
developed to accomplish this.

Speakers in the minisymposium belong to several underrepresented minority groups ranging
from South Asia and South East Asia all the way to the Middle East ans Eastern Europe.
Organizers also invited two female speakers, but both have unfortunately declined to
participate due to COVID-19 making female participation under-represented in this
minisymposium.
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cognition, Annual Review of Medicine 72, 29-43, 2021.
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Characterizing the underlying dynamics of traveling waves in area V4
of the visual cortex

Anmar Khadra [anmar.khadra@mcgill.ca]

McGill University, Canada

We have recently studied the mechanisms underlying traveling waves of local field potential
(LFP) activity in cortical area V4 of macaque monkey evoked by the execution of
saccadic eye movements in response to visual stimuli. These waves were shown to travel
spatiotemporally across a consistent path in the V4 retinotopic map from the fovea
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to the periphery. Our analysis of this data revealed that there is a phase resetting in
the low-gamma frequency band (30.0 – 40.0 Hz) in LFP activities after the saccade
which can be due to the modulation of spiking activities caused by the traveling waves.
Moreover, we found that the phase component of low-frequency oscillations (0.5 – 20.0
Hz) are anti-correlated with the phase activity of high-frequency rhythms. By modeling
the instantaneous phase array of LFP activities (extracted using Hilbert transform) with
the Kuramoto oscillator and finding coupling parameters of the model through fitting, we
showed that there is a hysteresis between the synchronized and desynchronized activity of
phase arrays when changing the averaged coupling strength of the whole network of LFP
recordings. Interestingly, this hysteresis is associated with the initiation/termination of
the traveling waves in the V4 retinotopic map. In this talk, I will provide an overview of
these results.

Impact of transcranial Direct Current Stimulation on brain networks
in the context of a ketamine-animal model of psychotic disorder

Axel Hutt [digitalesbad@gmail.com]

INRIA Nancy - Grand Est, France

Mental disorders represent a important health threat in society. In U.S. about 9% of
people at age between 16 and 25 suffer from serious mental illness. Patients suffering
from psychotic disorders experience symptoms like disorganized or incoherent speech,
confused thinking or strange and possibly dangerous behavior. A substantial proportion
of people at clinical high risk of psychosis will develop a psychotic disorder over time.
Patients in this psychotic transition phase receive pharmacological medication and, in
later stages, transcranial electric neurostimulation. To better predict and improve the
impact of neurostimulation, we have developed a neural population model involving cortical
circuits, the cortico-thalamic loop and the Ascending Reticular Arousal System. To study
brain dynamics in patients during the psychotic transition, we consider an animal model
under the drug ketamine. The animal model exhibits electroencephalographic activity
that resembles well human psychosis patients. The neural population model describes the
impact of ketamine on brain dynamics and the brain’s response to tDCS. A comparison to
experimental data shows good accordance to modeling results. The gained model insights
reveal possible underlying actions of tDCS on neural populations in the brain and indicate
how to improve experimental tDCS protocols.

On complex explanations for complex brain network dynamics

Jaroslav Hlinka [hlinka@cs.cas.cz]

Czech Academy of Sciences, Czechia
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There is an increasing awareness that the field of human brain imaging and neuroscience
in general has is threatened by a long-term replication crisis. There are many contributing
factors, including the use of small sample sizes, improper statistical design and procedures,
or publication bias. Another, less obvious contributing factor is the use of unnecessarily
sophisticated analytic methods, which are not sufficiently validated, controlled for false
positive findings, or easily replicated. An iconic example of these challenges is the use of
computational modelling to explain functional connectivity patterns from the underlying
structural connectivity - a field where a plethora of models and mechanisms have been
claimed to provide superior explanatory power, yet their direct independent comparison
suggests that a simple linear model performs comparably. In this contribution, we shall
discuss several examples of such research questions where simple explanations may be
generally overlooked in favor of more sophisticated models, and open discussion of the
reasons and consequences of this for understanding the brain network dynamics.

The importance of gap junctions and the extracelluar space in mod-
elling seizure dynamics: a new neural mass approach

Stephen Coombes [Stephen.Coombes@nottingham.ac.uk]

University of Nottingham, UK

Epilepsy has long been recognised as a dynamic complex disease involving a paroxysmal
change in the activity of millions of neurons, often resulting in seizures. The use of
phenomenological neural mass models for average population activity has helped shed
light on the mechanisms for generating transitions like those observed in EEG recordings
during the evolution of a seizure. However, such models have little to say about potential
mechanisms for exaggerating hyper- and hypo-synchrony of neurons within a population.
In this talk I will describe a new class of neural mass model that can be derived from a
network of spiking neurons with both chemical and electrical synapses. A systematic mean
field reduction reduces the description of potentially billions of neurons to a small number
of physically meaningful macroscopic variables (for population firing rate, mean membrane
potential, and synchrony). I will show how the electrical (gap junction mediated) synapses
(typically not represented in neural mass models) can contribute to both normal and
abnormal physiological brain rhythms, including epilepsy. I will further show how the model
can be coupled to the extracellular space and discuss how the modulation of gap junction
strength by extracellular potassium can generate seizure dynamics.

216



The Next Frontier in Mathematical Biology: Learning
from Complex Biological Data

A. Ali Heydari 1,2, Erica M. Rutter1,2, Suzanne S. Sindi1,2

1Department of Applied Mathematics, University of California, Merced, USA, 2Health
Sciences Research Institute, University of California, Merced, USA

The advent of “big data" in computational biology has enabled researchers to develop learn-
ing algorithms to capture important system characteristics, such as complex interactions
and systematic heterogeneities. The use of Machine Learning for modeling such complex
biological systems is driving paradigm shifts in domains such as computational biology[1],
genomics[2], biomedicine[3], pharmacology [3], and bioinformatics [4]. However, given the
inherent intricacies present in biological datasets (e.g. noise, high-dimensionality, sparsity,
etc.), efficient and effective learning from such data remains a major challenge [5]. This
minisymposium aims to address challenges in data-driven mathematical biology for system
identification, system state predictions and parameter estimation. Our speakers will
present novel state-of-the-art statistical and Machine Learning frameworks for modeling
complex systems, with a focus on biomedical and pharmacology applications that relate
to studying diseases and therapeutics. This minisympoisum is part of the SMB subgroup
on Methods for Biological Modeling.

Our proposed minisymposium promotes DEI through both purposeful recruitment and
supporting underserved groups. Our topic, data-driven machine learning for single-cell
analysis, is still somewhat under-represented typically in SMB conferences. Moreover, most
participants in our minisymposium have never attended an SMB conference before. We
hope to show that this type of research is welcome and encouraged at SMB. Furthermore,
we are promoting diversity, equity, and inclusion by featuring speakers that study diverse
biological systems, represent a variety of career stages, and are from all over the world.
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Towards Reliable Quantification of Cell State Velocities
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Laleh Haghverdi [laleh.haghverdi@mdc-berlin.de]

Max Delbrück Center for Molecular Medicine, Germany

I will mainly talk about our new kappa-velo (detailed) and eco-velo (cost efficient and
minimal) methods for more reliable quantification of cell state velocities from simultaneous
measurement of unspliced and spliced messenger RNA (mRNA) in high-throughput
snapshots of single cell RNA sequencing data. Current methods for inferring cell state
velocities from such data (known as RNA velocities) are afflicted by several theoretical and
computational problems, hindering realistic and reliable velocity estimation. kappa-velo
and eco-velo address some of the current challenges in consistency of data processing,
inference and visualisation of single cells’ velocities.

Grappling with 1060: A Representation-First Approach for Drug Dis-
covery and Lead Optimization

Dhananjay Bhaskar [dhananjay.bhaskar@yale.edu ]

Yale University, USA

The vast chemical universe is estimated to contain 1060 molecules in the Goldilocks zone,
i.e., unique arrangements of atoms with “drug-like" properties that make them suitable
as therapeutic candidates. Most of these molecules remain undiscovered and untapped
since existing computational methods do not leverage structure-function relationships to
organize information, and are susceptible to combinatorial explosion. In this talk, I will
present a novel and versatile approach to molecule representation and in-silico synthesis
that overcomes these limitations.

The proposed method uses scattering transforms with learnable wavelet scales to featurize
molecular graphs. These features containing geometric information are associated with
physicochemical properties (e.g. solubility, specificity, toxicity, immunogenicity) through
learned latent representations, enabling multi-property optimization via gradient ascent
in the latent space. Lastly, an adversarially trained generator is employed for molecule
synthesis from the optimized latent representations. The single-step synthesis produces
chemically valid, unique, and diverse molecules with desired properties. I will present
the underlying deep neural network architecture, its performance on public benchmark
datasets (ZINC and BindingDB), and its application to molecular glues for sickle cell
anemia.

Image segmentation of irradiated tumour spheroids by Fully Convo-
lutional Networks

Matthias Streller [matthias.streller@htw-dresden.de]
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University of Applied Sciences Dresden, Germany

Multicellular tumour spheroids are an established in-vitro model to quantify the effective-
ness of cancer therapies. Spheroids are treated with radiotherapy and their therapeutic
response over time is most frequently monitored via microscopic imaging. For analysis, it
is necessary to segment the spheroids in these images, to extract their characteristics
like the average diameter or circularity. While several image analysis algorithms have
been developed for the automatic segmentation of spheroid images, they focus on more
or less compact and circular spheroids with clearly distinguishable outer rim throughout
growth. In contrast, treated spheroids are usually obscured by debris of dead cells and
might be partly detached and destroyed. We train and optimize two Fully Convolutional
Networks, in particular UNet and HRNet, to create an automatic segmentation which
covers both cases, spheroids with and without therapy. While we successfully demonstrate
the automatic segmentation for one spheroid type, we plan to extent the segmentation
to other spheroid models.

Towards Interpretable Deep Learning for Automatic Cell Type and
Salient Gene Identification from scRNAseq

Ali Heydari [aheydari@ucmerced.edu]

UC Merced, USA

Abstract: Single-cell RNA sequencing (scRNAseq) is rapidly advancing our understanding
of cellular composition within complex tissues and organisms. A major limitation in
most scRNAseq analysis pipelines is the reliance on manual annotations to determine
cell identities, which are time consuming, subjective, and require expertise. Given the
surge in cell sequencing, supervised methods-especially deep learning models-have been
developed for automatic cell type identification (ACTI), which achieve high accuracy and
scalability. However, all existing deep learning frameworks for ACTI lack interpretability
and are used as “black-box” models. In this talk, I will present N-ACT (Neural-Attention
for Cell Type identification): the first-of-its-kind interpretable deep neural network for
ACTI utilizing neural-attention to detect salient genes for use in cell-type identification.
We compare N-ACT to conventional annotation methods on two previously manually
annotated data sets, demonstrating that N-ACT accurately identifies marker genes and
cell types in an unsupervised manner, while performing comparably on multiple data sets
to current state-of-the-art model in traditional supervised ACTI.
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Modeling inflammation and cancers

Dominik Wodarz 1, Natalia Komarova1, Johnny Ottesen2

1University of California Irvine, USA, 2Roskilde University, Denmark

Abstract of your mini-symposium: Inflammation and the process of carcinogenesis are
closely intertwined. An inflammatory microenvironment can lead to increased levels of
DNA damage, and can also create conditions under which genetically altered cells can enjoy
a selective advantage, thus promoting carcinogenesis and cancer progression. Genetically
altered cells can further induce inflammation, thus changing their environment for their own
benefit and enhancing subsequent disease progression. At the same time, inflammation
can be tied to immune responses against tumors, resulting in multi-factorial and complex
dynamics. This mini-symposium will discuss these interactions and relationships, as
well as possible anti-inflammatory treatment options, based on insights generated by
mathematical models.

The organizers will report on our recent efforts to improve the climate and work on
the engagement of all underrepresented groups in mathematics and math education.
“Think Tank Matemáticas” is a project that aims to raise awareness of the undergraduates
(especially from URGs) about exciting applications of Math to real-world problems, by
introducing them to the concept of a Think Tank. By definition, a Think Tank is “a body
of experts providing advice and ideas on specific political or economic problems”. In this
context, it is a group of intelligent people (i.e. undergraduates majoring in math) that
gather to brain-storm an important issue and come up with a creative solution, which
uses quantitative and mathematical approaches. This project involves graduate students
(as discussion leaders) and connects the groups of undergraduates with Math alumni in
industry, to give them an opportunity to present their projects, to network, and secure
future internships.

Morten Andersen

Mathematical modelling of cancer-infection comorbidities [moan@ruc.dk]

Roskilde University, Denmark

The immune system attacks threats like an emerging cancer or infections and also plays a
role in dealing with autoimmune disease, e.g., inflammatory bowel diseases, and aging.
Malignant cells may tend to be eradicated, to approach a dormant state or escape the
immune system resulting in uncontrolled growth leading to cancer progression. If the
immune system is busy fighting a cancer, a severe infection on top of it may compromise
the immunoediting and the comorbidity may be too taxing for the immune system to
control. A mechanism based mathematical model coupling a cancer-infection development
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to the adaptive immune system is presented and analyzed in the context of hematological
cancers. The model maps the outcome to the underlying physiological mechanisms and
agree with numerous evidence based medical observations. Progression of a cancer and
the effect of treatments depend on the cancer size, the level of infection, and on the
efficiency of the adaptive immune system. The model exhibits bi-stability, i.e., virtual
patient trajectories gravitate towards one of two stable steady states: a dormant state
or a severe cancer-infection disease state. An infectious threshold curve exists and if
infection exceed this separatrix for sufficiently long time the cancer escapes. Thus, early
treatment is vital for remission and severe infections may instigate cancer progression.

An Overview of Mathematical Modeling of Tumor Promoting Inflam-
mation.

Doron Levy [dlevy@umd.edu]

University of Maryland, USA

One of the hallmarks of cancer is tumor promoting inflammation (TPI). There are various
mechanisms by which cancer cells hijack inflammatory mechanisms to promote growth
and survival.

In this talk we will provide an overview of mechanisms by which immune cells are corrupted
by cancer cells. We will describe how some of these mechanisms have been mathematically
modelled and demonstrate the value of using mathematical models for TPI.

Determinants of clonal evolution in blood cancers – insights from
mathematical modeling

Thomas Stiehl [mail@thomas-stiehl.de]

Aachen University, Germany

Many blood cancers originate from a cancer stem cell population, which gives rise to
a heterogeneous malignant cell bulk. Unlike other malignant cells, cancer stem cells
can divide infinitely often and produce additional cancer stem cells (referred to as self-
renewal) as well as fast proliferating non-stem cells (referred to as differentiation). The
malignant cell bulk in each individual patient is composed of multiple clones carrying
different subsets of mutations. Due to competition and selection the abundance of the
different clones changes over time. The specific mechanisms shaping clonal evolution are
unknown. One main determinant of clonal evolution are the genotypes, i.e., the specific
mutations which the clones carry. The high inter-individual heterogeneity observed in
genetically identical model organisms suggests that other endogenous and exogenous
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factors such as inflammation or stress contribute to clonal selection. To better understand
the mechanisms underlying these observation and their impact on disease progression, we
propose different mathematical models. The models are based on biological processes
such as proliferation, self-renewal and death of the different malignant cell types. They
account for non-linear feedback regulations and interactions of healthy and malignant
cells. The talk will cover general insights gained from the models and specifically consider
data from mouse experiments. The mouse experiments study how several mutations
related to myelodysplastic syndromes (MDS) impact on clonal selection and how they
might interfere with inflammatory queues. The talk will address the following questions:
(i) How do kinetic properties of stem and non-stem cells (proliferation rate, self-renewal
probability etc.) impact on the course of the disease? (ii) How sensitive is the outcome
of clonal selection with respect to perturbations of these kinetic properties? (iii) How
might specific MDS-related mutations change the kinetic cell properties? (iv) What are
potential impacts of non-genetic endogenous factors on stem cell kinetics and clonal
selection? What is the potential contribution of chronic inflammation?

Mathematical Modeling of tumor growth: OV Therapy

Yangjin Kim [ahyouhappy@gmail.com]

Konkuk University, South Korea

Cancer is a complex disease process that involves multiple spatial and temporal scales.
Cancer cells are often characterized by geneticmutations, changes in signaling pathways
and cell-cell interactions. However, in order to develop a tumor, the cells must combine
intracellular changes with mechanical processes that enable its expansion, exerting forces on
other cells, migration, remodeling of cell microenvironment and distant tissue colonization.
Typical viruses can be modified to oncolytic viruses in order to attack tumor cells and these
can also affect tumor microenvironment including immune cells such as macrophages and
neutrophils. The mathematical model can be used as a tool to make early predictions
on the efficacy of protocols of treatment of GBM with combination of oncolytic virus
and GSI. We use the mathematical model to explore hypothetical NICD behavior and the
role of macrophages in an OV therapy in vivo, and in particular, to investigate how a
heterogeneous tumor microenvironment affects macrophages-mediated diffusion of NICD
within the tumor. Here, we present recent progress on mathematical modeling of OV
therapies and anti-cancer efficacies. We illustrate how intracellular signaling networks
such as NOTCH signaling can affect NICD infiltration within a two-dimensional tumor
with macrophages from the surrounding blood (boundary of the domain) and investigate
several important patterns of NICD spreading in the presence and absence of GSI.
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Cell and Developmental Biology Subgroup minisymposium:
Spatial cell heterogeneity across scales

The Cell and Developmental Biology Subgroup

The goal of the CDEV subgroup is to build a diverse community of scientists interested
in the study of mathematical and computational models of cell behaviour and embryo
development. We focus on the inclusion of scientists at different career stages and of
different walks of life. The biological systems of interest for the subgroup span different
scales: from molecular mechanisms of gene expression to self-organization of tissues.
This diversity is reflected in the variety of mathematical and computational tools, ranging
from data-driven modelling to mechanistic theoretical approaches.

In the following talks we celebrate the diversity of the group by bringing together a line-up
of speakers at a wide range of career stages that employ different spatial models aiming
at understanding the emergence and regulation of heterogeneity across several spatial
scales. This will raise the profile of quantitative approaches to development within the
SMB, encourage new members to join the Subgroup and work in the area, and provide a
platform for new interactions between SMB members working in the area.

Mechano-signaling waves in epithelial tissues

Léna Guitou [lena.guitou@csic.es]

Institute for Integrative Systems Biology (I2SysBio), CSIC-UV, Valencia, Spain

Shape remodeling is key to understand organ regeneration and embryo development.
In addition, from a mathematical and physical viewpoint, shape remodeling implies
understanding self-organization, patterning, and mechanics. In this context, it has been
shown that the ERK/MAPK pathway is instrumental during cell migration and tissue
regeneration through the interplay between mechanical and signaling cues. However,
open questions remain. In particular, the robustness of the pathway activity due to
cellular activities (e.g. cellular growth and division) is unclear. Here, by using simulations
and analytical work, we revealed the effects of the cellular growth dynamics to either
sustain or kill the oscillatory/excitatory activity of ERK at the tissue level. Moreover,
our model provides a plausible argument to understand the origin of the aforementioned
mechano-signaling feedback. Altogether, our study paves the way to understand the
interplay between cellular mechanics and chemical/signaling cues during morphogenesis.

Cell differentiation in mouse blastocysts exhibits complex spatio-temporal
patterns
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Sabine Fischer [sabine.fischer@uni-wuerzburg.de]

Center for Computational and Theoretical Biology, Universitäät Würzburg (Germany)

Tissue development and maintenance rely on coordinated interactions of individual cells.
The correct composition of the three-dimensional cell neighbourhood is essential. However,
often the details of the spatial arrangement of the cells are unknown and the processes
underlying its establishment and maintenance are understudied.

We focus on the development of the mouse blastocyst. Just before implantation, the
cells of the inner cell mass differentiate into embryonic or extraembryonic precursor cells.
Hallmarks of the cell fate decision are the expression levels of the two transcription
factors NANOG and GATA6 in the cells. We quantitatively analysed the three-dimensional
spatio-temporal arrangement of cells with different expression levels in ICM organoids and
mouse embryos. Applying spatial statistics and machine learning methods, we identify a
so far unknown local clustering of cells with comparable expression levels that is already
present at the early blastocyst stage. As time progresses, this arrangement evolves
into a global pattern that starts to emerge in mid blastocysts. Agent-based modelling
allows investigating the contributions of cell division and intercellular signalling to the
pattern formation. Our results highlight the importance of analysing the three-dimensional
cell neighbourhood while investigating cell fate decisions during early mouse embryonic
development.

A modelling framework to describe the dynamics and scaling of nu-
clear growth

Vivienne Leech [vivienne.leech.16@ucl.ac.uk]

University College London, IK

Scaling in biology concerns the question of how one quantity relates to another quantity,
a famous example being Kleiber’s law. At a cellular level, scaling of nuclear size with cell
size has been observed in many species and cell types. In this work we use mathematical
modelling to understand this scaling relationship better, as well as the time dynamics
that lead to it. We formulate a modelling framework based on the limiting component
hypothesis. We derive a collection of spatio-temporal mathematical models for nuclear size
based on different transport and growth mechanisms. We then analyse model properties
and compare our model with in vitro experimental data to identify the most probable
mechanism. Our analysis suggests that nuclear volume scales with cell volume and that a
nucleus controls its import rate as it grows. We further test the model by comparing to
data of early frog development, where rapid cell divisions set the relevant time scales. The
modelling framework that we use involves enough detail to capture the relevant time and
spatial scales, while also being simple enough that the parameter fitting and simulation is
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fairly straightforward. We will then discuss how the model could be adapted or extended
to account for further mechanisms or cell geometries.

Spatial single cell analysis: Leveraging spatial graphs of cells to un-
derstand cell communication

Anna Schaar [anna.schaar@helmholtz-muenchen.de]

Helmholtz Zentrum München, Germany

Spatial omics technologies have enabled single-cell genomics to move from studying tissue
heterogeneity to tissue organization, providing new avenues to study cellular communica-
tion within a tissue. Yet, with the additional information comes additional complexity:
deriving insights from this data requires a new set of analysis tools. Therefore, we
propose a computational method based on graph neural networks which reconciles disen-
tanglement of gene expression variation and cell communication modeling: node-centric
expression modeling (NCEM). We demonstrate that the statistical cell–cell dependencies
discovered by NCEM are plausible signatures of known molecular processes underlying
cell communication. We show that NCEM’s cell type coupling analysis workflow and
the identification of receiver and sender effects across multiple datasets finds plausible
putative dependencies and niche-dependent cell state variation on the example of human
lymph nodes, inflamed colon and colorectal cancer.
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COVID-19 Across Multiple Scales

Jonathan Forde

Hobart and William Smith Colleges, USA

Since SARS-CoV-2 emerged to cause of a global pandemic in 2019, understanding this
virus has been a major focus of scientific inquiry. This minisymposium focuses on how
mathematical modeling connects the scientific discoveries made on different scales, from
the within-host dynamics of infection and immune response to the between-host dynamics
of pandemic spread. The research presented includes modeling experimental results on the
generation and waning of immune protection and the connection between viral dynamics
and infectiousness. Also included are models that connect within-host dynamics directly to
between-host transmission and public health strategies aimed at controlling SAR-CoV-2
outbreaks.

Diversity, Equity and Inclusion: The participants in this minisymposium embody some
aspects of the diversity found in the mathematical modeling community. The list of
speakers is diverse in terms of gender, national origin, and career stage. Additionally,
the minisymposium includes speakers from both large research universities and from a
primarily undergraduate-serving institution.

Modeling within-host and aerosol dynamics of SARS-CoV-2: the re-
lationship with infectiousness

Stanca M. Ciupe [stanca@vt.edu]

Virginia Tech University, USA

The relationship between transmission of severe acute respiratory syndrome coronavirus 2
(SARSCoV-2) and the amount of virus present in the proximity of a susceptible host is
not understood. Here, we developed a within-host and aerosol mathematical model and
used it to determine the relationship between viral kinetics in the upper respiratory track,
viral kinetics in the aerosols, and new transmissions in golden hamsters challenged with
SARS-CoV-2. We determined that infectious virus shedding early in infection correlates
with transmission events, shedding of infectious virus diminishes late in the infection, and
high viral RNA levels late in the infection is a poor indicator of transmission. We further
showed that viral infectiousness increases in a density dependent manner with viral RNA
and that their relative ratio is time-dependent. Such information is useful for designing
interventions.

Modeling long-term durability of SARS-CoV-2 immune response from
vaccines and infection
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Chapin S. Korosec [chapinskorosec@gmail.com]

York University, Canada

A robust understanding of the long-term durability of the SARS-CoV-2 immune response
from both vaccines and viral challenge is needed to design and manage SARS-CoV-2
public health strategies. A mathematical immunology approach, where the central aim is
to understand disease and vaccine dynamics within hose (in host) using mathematical
models that are guided by clinical data, is well-poised to meet this demand. The lipid
nanoparticle (LNP)-formulated mRNA vaccines (Pfizer and Moderna) are the most
widely adopted vaccination strategy administered to the public. To develop a robust
long-term understanding of the immune response generated from multiple doses of the
LNP-formulated mRNA vaccines we curated 22 previously published human clinical data
sets and fit those data to a novel in-host model [1]; in the first half of this talk I will
discuss our results on modelling long-term durability of the LNP mRNA vaccines. I will
then discuss the results of our longitudinal SARS-CoV-2 specific T cell study [2] where
we model the long term ( 1 yr) cellular-mediated immunity of a cohort of SARS-CoV-2-
infected survivors. I will end by drawing context of our work on waning immunity from
vaccines and infection with the known literature.

References
[1] C.S. Korosec et al. medRxiv: https://doi.org/10.1101/2021.10.13.21264957.
[2] J. Lin, R. Law, C.S. Korosec et al. bioRxiv: https://doi.org/10.1101/2022.01.18.476864

Modeling COVID-19 dynamics: From within-host to between-host

Libin Rong [libinrong@ufl.edu ]

University of Florida, USA

The infection by SARS-CoV-2 has caused an ongoing COVID-19 pandemic. Although a
large number of modeling studies have shed light on the transmission dynamics of COVID-
19 at the population level, the within-host viral dynamics of SARS-CoV-2 infection have
inadequately been quantitatively investigated. In this talk, I will present models based on
different assumptions to study the within-host virus dynamics of SARS-CoV-2 infection
and compare them with the viral load data in infected patients and non-human primates
collected from different countries. The infection in some individuals undergoes several
distinct stages including a plateau phase in which the viral load does not decline or even
rebounds after a minor decline from the peak. This may explain the hyperinflammatory
responses and high transmissibility of COVID-19. The adaptive immune response may
play a critical role in the recovery from infection, whereas a late and slow initiation of
seroconversion may lead to viral persistence. I will also introduce a multi-scale model that
links the within-host and between-host dynamics. The work may improve our understanding
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of the epidemiological triad of pathogen, host, and environment for COVID-19.

Multiscale Modeling of Interrelated Dynamics of COVID-19 Vaccina-
tion and Testing Strategies

Jonathan Forde [forde@hws.edu]

Hobart and William Smith Colleges, USA

Vaccination is considered the best strategy for the long term control and elimination
the COVID-19 pandemic. The success of vaccination as a pandemic control strategy
relies on the rate of vaccine deployment and acceptance, and is also impacted by the
emergence of new SARS-CoV-2 variants with increase transmissibility, virulence and
vaccine resistance. Alongside vaccination, testing and isolation can be effective means of
containing localized outbreaks of infection, but the effectiveness of testing and isolation
is influenced by prevalence and effectiveness of vaccination in the population. In this
work, we develop multiscale, age-structured models connecting within-host immune and
infection with between-host transmission. Using these models, we address whether testing
is remains effective in an increasing vaccinated population, the role of vaccine boosting in
continued outbreak control, and optimal deployment of public health resources between
testing and vaccination in the early stages of a pandemic.
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Multi-scale and data-driven modeling approaches in ecol-
ogy, immunology, and epidemiology I

Hayriye Gulbudak1, Joshua Macdonald2 & Cameron Brown1

1University of Louisiana at Lafayette, USA; 2School of Zoology, Faculty of Life Sciences,
Tel Aviv University, Israel

Ecology and epidemiology are deeply intertwined. Human activity has strong impact
on biodiversity and ecosystem destruction. Management strategies and the degree to
which these strategies are successfully implemented may create selection pressures which
drive evolution and which in turn impact the efficacy of management strategies. Thus
in both ecology and epidemiology improved mechanistic understanding of cross-scale
effects represents a challenge of critical importance. Growing human populations and
ecosystem destruction is bringing humans into closer contact with other animals. As
such epidemics and pandemics are expected to increase in frequency in the coming
decades. Thus increased understanding of methods to control the spread of disease at the
population level and of the mechanisms by which diseases replicate and interact with the
immune system at the within-host level are of critical importance. Equally important is
improved understanding of ecosystem dynamics, both present and absent human activity,
both to improve ecosystem management strategies and to increase our understanding
of ecosystem functioning in its own right. Two (not mutually exclusive) approaches
to maximize ’reality’ in such settings are data-driven and multi-scale modeling. Here
we present a number of talks from these perspectives with applications in epidemiology,
ecology, and immunology.

This is number three in a series of related symposia. In selecting speakers for our mini-
symposium we have given careful thought to diversity of our speakers in terms of career
stage, topic of talk, and underrepresented individuals in the sciences. Our speakers include
junior faculty, senior faculty, postdocs, and graduate students. More than half of our
speakers are women, and invitees are from institutions in The United States, the United
Kingdom, and Italy. In terms of affiliation interdisciplinary institutes as well as departments
of mathematics and biology are represented. Talks include data driven and multi-scale
approaches to modeling in (intersections of) epidemiology, ecology, and immunology.

Evidence for antibody dependent enhancement in secondary Dengue
via intermediate cross-reactive antibody level

Joshua Macdonald [macdonald.j.caleb@gmail.com]

Tel Aviv University, Israel

Dengue, a neglected tropical disease, is a globally distributed arboviral (genus Flavivirus)
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pathogen primarily spread by Aedes mosquitoes and infecting circa 390 million individuals
per annum. Subsequent to primary infection immune memory is cross-protective for
two to three months after which protection is serotype specific, and secondarily infected
patients have elevated risk of severe dengue. A hypothesis for this increased risk, known
as antibody-dependent enhancement (ADE), is that antibodies increase dengue severity
and boost virus replication. One hypothesized mechanistic explanation for this effect is,
hypothesis 1: that ADE occurs during an intermediate risk window with respect to decay
of cross-reactive antibody titre.

In addition to increased risk of severe dengue for secondarily infected DENV patients,
there are a number of empirically observed differences in the time-course of events
between primary and secondary infection. A proposed explanation for this is hypothesis
2: differences in initial cross-reactive antibody level mechanistically explain observed
differences between primary and secondary infection in timing of within-host events.
Here we test these hypotheses using viral kinetics data collected from the Hospital for
Tropical Diseases (Ho Chi Minh City, Vietnam) between May 2007 and July 2008 and a
viral-immune kinetics model developed in prior work [1], which we fit to the data. Our
results provide further support for the tested hypotheses, including explicit data-backed
dependence of infection severity on pre-existent cross-reactive antibody concentration not
produced by other mechanistic models and recapitulate the data well.

References
[1] Gulbudak, H., Browne, C.J.: Infection severity across scales in multi-strain immuno-
epidemiological dengue model structured by host antibody level. Journal of mathematical
biology 80(6), 1803–1843 (2020)

Modelling endemic Rift Valley fever

Erin Gorsich [eringorsich@gmail.com]

The Zeeman Institute for Systems Biology & Infectious Disease Epidemiology Research,
School of Life Sciences, University of Warwick, UK

Rift Valley fever (RVF) is a mosquito-borne virus that causes haemorrhagic fever in
livestock and wildlife, as well as spill-over infections in humans. Large-scale epidemics
occur sporadically in Africa following heavy rainfall. In some regions, infection also cycles
endemically at low levels in livestock, yet the mechanisms influencing transmission in
these areas remains unknown. Here, we integrate a mathematical model with longitudinal
infection, entomological and climate data from multiple villages in Kwazulu-Natal, South
Africa. Our modelling approach accounts for nonlinearities in the risk of exposure,
susceptible depletion and variable sampling effort to evaluate potential drivers of infection.
Hypotheses representing high heterogeneity in RVF incidence across the study villages
were supported, and variation was mechanistically explained by climatic and entomological

231



data. This highlights the value of methods that harness statistical model selection in a
mechanistic framework.

Ecosystem impacts of feedback between social and ecological net-
works

Amanda Laubmeier [amanda.laubmeier@ttu.edu]

Assistant Professor, Department of Mathematics, Texas Tech University, USA

Collective human behavior has a strong impact on global ecosystems, but humans’ overall
behavior is driven by individual decision-making. These decisions are often shaped by
complex interactions between people with differing ideas. They may also be informed by
historical human behaviors and, either directly or indirectly, the current ecosystem-level
effects of those behaviors. In order to understand changing impacts on ecosystem, it
is necessary to incorporate this potential feedback loop between social decisions and
ecosystem outcomes. To demonstrate this, we consider a preliminary problem describing
human food choices. We model a toy system in which humans are sustained by an
aquatic ecosystem and can allocate harvesting efforts on different species. The choice
of an aquatic ecosystem is to facilitate the use of simple, generalizable models in which
feeding strengths are constrained by allometric (size-based) relationships [1]. To determine
allocation of harvesting efforts, we model harvesting preference as diffusion along a social
network (as in [2]). The speed of diffusion is determined by the current abundance of
potential food sources. Over discrete intervals, prevailing sentiment on the social network
informs harvesting rates; this simulates a delay between growing consensus and behavior
change. We demonstrate that, even for this very simple scenario, incorporating feedback
between humans and ecosystems allows us to describe a range of ecosystem outcomes.
At the end of the presentation, we build towards future work with more complex models
informed by social networks from the archaeological past.

References
[1] Berlow, Eric L., et al. "Simple prediction of interaction strengths in complex food
webs." Proceedings of the National Academy of Sciences 106.1 (2009): 187-191.
[2] Kempe, David, Jon Kleinberg, and Éva Tardos. "Maximizing the spread of influence
through a social network." Proceedings of the ninth ACM SIGKDD international conference
on Knowledge discovery and data mining. 2003.

From within hosts to between farms: modelling the dynamics of foot-
and-mouth disease virus across scales

Simon Gubbins [simon.gubbins@pirbright.ac.uk]

Transmission Biology, The Pirbright Institute, UK
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Foot-and-mouth disease virus (FMDV) infects cloven-hoofed livestock and wildlife species.
It causes foot-and-mouth disease (FMD), which has substantial economic impacts for
endemic countries and for disease-free countries when epidemics occur in them. Because
of its importance FMDV has been studied at a range of scales from within a host to
continental scale [1,2]. This provides an opportunity to develop data-driven multi-scale
models for FMDV and to examine how process at one scale affect process at another.

In this presentation we will discuss a mathematical and statistical framework for linking
models for FMDV at different scales (within-host, between-host and between-farm) to
investigate how the dynamics at one scale influences dynamics at another. For example,
we can use the models to show how within-host parameters (e.g. viral growth and
clearance rates) influence between-host transmission (reproduction numbers) or how
within-farm transmission (e.g. via direct contact or a contaminated environment) affects
between-farm transmission. The models are parameterised using Bayesian methods
applied to a combination of data from transmission experiments, within-farm outbreaks
and regional epidemics. This allows us to test model assumptions and to incorporate
parameter uncertainty at one scale in predictions at another.

References
[1] Orton R, Wright CF, Morelli MJ, Juleff N, Thébaud G, Knowles NJ, Valdazo-González
B, Paton DJ, King DP, Haydon DT (2013) Observing micro-evolutionary processes
of viral populations at multiple scales. Phil Trans R Soc Lond B 368, 20120203 (doi:
10.1098/rstb.2012.0203)
[2] Paton DJ, Gubbins S, King DP (2018) Understanding the transmission of foot-
and-mouth disease virus at different scales. Curr Opinion Virol 28, 85-91. (doi:
10.1016/j.coviro.2017.11.013)
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Dynamical modeling of respiratory virus propagation

Jacques Bélair

Université de Montréal, Canada

Respiratory viruses in general, and SARS-CoV-2 in particular, present a number of
challenges when their propagation, and control, is to be understood. The recent pandemic
has illustrated both the power and limitations of mathematical modeling in addressing
these challenges, for example understanding the interactions between vaccines and variants
of concerns (VOCs). In this mini-symposium, the speakers will present a range of relevant
models, showing how some of these issues can be investigated. In particular, they will
model the mechanisms of immunity and the rôle vaccines can play in enhancing it, the
recurrence of multiple waves in an epidemic, how the presence of multiple equilibria can
be exploited and how complicated dynamics can occur in these models.

Promotion of diversity, equity and inclusion has lead to the selection of one female speaker,
one speaker who would be described in the Canadian legal system as “visible minority".

Modelling SARS-CoV-2 immunity

Jane Heffernan [jmheffer@yorku.ca]

York University, Canada

SARS-CoV-2 immunity is generated from infection and vaccination. However, immunity
gained from infection and vaccination can vary by infection severity, age, and pre-existing
immunity status. We have developed mathematical models of SARS-CoV-2 infection and
vaccination. We employ the models to quantify immunity outcome from infection and
vaccination, and determine the distributions of immunity in a population. Model results
are used to inform public health decision-making regarding vaccination campaigns, or the
implementation and relaxation of public health policies.

Investigating the existence of multiple epidemic waves with variants
and vaccination

Julien Arino [julien.arino@umanitoba.ca]

University of Manitoba, Canada

COVID-19 has seen multiple epidemic waves, most of them seemingly triggered by the
emergence of new SARS-CoV-2 variants. These waves have occurred in locations with
low vaccine coverage as well as in locations with much higher vaccine coverage. Motivated
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by this observation, we formulate a minimalistic model with vaccination and multiple
strains. We study the model with a variety of techniques in order to try to understand
the mechanisms leading to multiple epidemic waves.

Alternate stable states in immune system models

James Watmough [watmough@unb.ca]

University of New Brunswick, Canada

Many models of immune system dynamics, and ecological dynamics more generally, predict
multiple stable states. As a consequence, the objective of treatment is not necessarily to
eradicate the pathogen, but to determine the time and duration of intervention required to
permanently shift the dynamics towards a desired state. We present a simple example of a
model where treatment can be stopped without reemergence of the pathogen. A situation
referred to as sustained-immunity. This is possible because a stable infection-equilibrium
coexists with a stable infection-free or low-infection state. Treatment, if applied for a
sufficient time, can move the system into the basin of attraction for the infection-free
equilibrium, and immunity is sustained after treatment is stopped.

Is a COVID-19 Vaccine Likely to Make Things Worse?

Stacey Smith? [Stacey.Smith@uottawa.ca]

The University of Ottawa, Canada

In order to limit the disease burden and economic costs associated with the COVID-19
pandemic, it is important to understand how effective and widely distributed a vaccine
must be in order to have a beneficial impact on public health. To evaluate the potential
effect of a vaccine, we developed risk equations for the daily risk of COVID-19 infection
both currently and after a vaccine becomes available. Our risk equations account for
the basic transmission probability of COVID-19 (β) and the lowered risk due to various
protection options: physical distancing; face coverings such as masks, goggles, face
shields or other medical equipment; handwashing; and vaccination. We found that the
outcome depends significantly on the degree of vaccine uptake: if uptake is higher than
80%, then the daily risk can be cut by 50% or more. However, if less than 40% of people
get vaccinated and other protection options are abandoned—as may well happen in the
wake of a COVID-19 vaccine—then introducing even an excellent vaccine will produce
a worse outcome than our current situation. It is thus critical that effective education
strategies are employed in tandem with vaccine rollout.
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Brain Rhythms in Health and Disease, Part II

Anmar Khadra1, Stephen Coombes2

1McGill University, Canada, 2University of Nottingham, UK

Large scale neural oscillations form different patterns of brain activity that play a funda-
mental role in defining behavior, arousal level, sleep states or motor control of animals.
These rhythmic patterns range from synchronous to asynchronous activity and can switch
back and forth between them upon perturbation [1]. Abnormalities in these patterns
are associated with many diseases, including epilepsy, autism, and cognitive dysfunction.
They are typically measured using electroencephalogram, electrocorticogram, and local
field potential recordings and analyzed computationally using both machine learning and
neural network modeling. Exploring how these large scale spatiotemporal neural patterns
are generated in health and disease using quantitative techniques allows us to decipher
their underlying dynamics, identify what role they play, and discover therapies to treat
abnormalities [2]. In this minisymposium, speakers will give an overview of recent advances
made in this field and the state of the art computational techniques that have been
developed to accomplish this.

Speakers in the minisymposium belong to several underrepresented minority groups ranging
from South Asia and South East Asia all the way to the Middle East ans Eastern Europe.
Organizers also invited two female speakers, but both have unfortunately declined to
participate due to COVID-19 making female participation under-represented in this
minisymposium.

References
[1] S. Grover, J.A. Nguyen and R.M.G. Reinhart, Synchronizing brain rhythms to improve
cognition, Annual Review of Medicine 72, 29-43, 2021.
[2] A. Byrne, R.D. O’Dea, M. Forrester, J. Ross and S. Coombes, Next-generation neural
mass and field modeling, Journal of neurophysiology 123(2), 726-742, 2020.

A biophysical model to correct for the EGG spectral trend

Niklas Brake [niklas.brake@mail.mcgill.ca]

McGill University, USA

The EEG signal is characterized both by peaks as well as an overall trend. These peaks
are caused by synchronous neural oscillations, whereas the neural basis of the EEG trend
remains unclear. Here, based on biophysically detailed forward modelling, we conclude that
the electric fields caused by randomly occurring synaptic currents and action potentials
suffice to explain the broadband spectral trend. Furthermore, we demonstrate the ability
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of this model to quantitatively predict the effects of propofol on aperiodic EEG features.
Finally, we derive an analytical expression from first principles to correct for changes
in asynchronous neural activity. Applying this method to patients undergoing general
anesthesia with propofol indicated that the propofol-related alpha rhythm appears prior to
loss of consciousness (LOC), while the precise moment of LOC is uniquely marked by the
appearance of a delta rhythm. Broadly, the model presented here may supplement existing
tools for inferring neural activity in humans through non-invasive measurements.

Oscillations in the basal ganglia in parkinsonism: delta enters the
picture

Jonathan Rubin [jonrubin@pitt.edu]

University of Pittsburgh, USA

Researchers have long recognized that changes in neuronal activity in the basal ganglia
are associated with dopamine depletion, such as occurs in Parkinson’s disease and related
states, and are likely linked with motor effects. Great emphasis has been placed on beta
oscillations due to some reports suggesting that reduction of beta power correlates with
motor improvements, yet a definitive role for beta oscillations has not been established
and beta oscillations are not ubiquitous in parkinsonism. In this talk, I will discuss our
recent experimental findings showing that delta oscillations are a robust biomarker of
dopamine depletion severity and motor dysfunction in awake mice. Moreover, I will present
computational results showing a possible, unexpected mechanism for delta oscillation
generation associated with chloride dynamics in inhibitory circuits and exploring how delta
oscillations may be transmitted via inhibitory pathways.

A Strategy for closed-loop deep brain stimulation using multi-contact
electrodes

Benoit Duchet [benoit.duchet@ndcn.ox.ac.uk]

University of Oxford, UK

We use computer models of brain tissue to derive an optimal control algorithm for a
recently developed new generation of deep brain stimulation (DBS) devices. DBS is a
treatment for a variety of neurological disorders including Parkinson’s disease, essential
tremor, depression and pain. There is a growing amount of evidence to suggest that
delivering stimulation according to feedback from patients, or closed-loop, has the potential
to improve the efficacy, efficiency and side effects of the treatment. An important recent
development in DBS technology are electrodes with multiple independently controllable
contacts. Our work is a theoretical study into the effects of using this new technology.
On the basis of a theoretical model, we devise a closed-loop strategy and address the
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question of how to best apply DBS across multiple contacts to maximally desynchronise
neural populations. We demonstrate using numerical simulation that, for the systems
we consider, our methods are more effective than two well-known alternatives, namely
phase-locked stimulation and coordinated reset. We also predict that the benefits of using
multiple contacts should depend strongly on the intrinsic neuronal response. The insights
from this work should lead to a better understanding of how to implement and optimise
closed-loop multi-contact DBS systems which in turn should lead to more effective and
efficient DBS treatments.

Mechanistic model inference from observed neurodynamics

Richard Gao [r.dg.gao@gmail.com]

University of Tübingen, Germany

Neuroscience research is generating an unprecedented amount of data at multiple scales,
but advancing our theoretical understanding of the brain requires mechanistic models
that integrate these observations. In cognitive neuroscience, building mechanistic models
that are compatible with human electrophysiological data is especially challenging, but
necessary for studying the physiological variables we cannot observe. In this work, I
propose to build and apply machine learning tools—simulation-based inference algorithms,
specifically—that automate mechanistic model-discovery and leverage multiscale neural
data to study how cellular and network properties shape 1) the emergence of synchronous
network oscillations during early neurodevelopment, and 2) the difference in neural
dynamics and computation between sensory and association cortices.
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Sneak peak at the future of mathematical biology: biology-
driven machine learning

Haralampos Hatzikirou 1,2,Andreas Deutsch2

1Department of Mathematics, Khalifa University, Abu Dhabi, UAE, 2Centre for Information
Services and High Performance Computing, Technische Universität Dresden, Germany

Mathematical mechanistic modelling plays an important role in biology. In particular,
formalizing and analyzing biological hypotheses or creating new theory-driven ones has
been of paramount value. Although the ability of such models in describing the qualitative
behavior of biological systems is undisputed, their quantitative accuracy is typically
mediocre. The latter is due to the lack of experimentally accessible parameters or low
data resolution. On the other hand, machine/statistical learning has been very successful
in producing quantitative predictions and exploiting the power of available data. Typically,
such data-driven algorithms are viewed as "black-boxes" where interpretability is limited as
well as biological insights. Recently, there has been some first endeavors in unifying these
two worlds of mathematical modeling and data science techniques. In this minisymposium,
we envisage to present some highlights of this emerging field of biology-driven machine
learning.

System-level understanding in multi-scale systems: analysis of a phar-
macokinetics model

Dimitris G. Patsatzis [dimitris.goussis@ku.ac.ae]

School of Chemical Engineering, National Technical University of Athens, 15780 Athens,
Greece

The presence of fast dissipative dynamics in a multi-scale system allows for an enhanced
system-level understanding, since the trajectories are quickly attracted and then slowly
evolve along low-dimensional surfaces (manifolds) in phase space. The algorithmic
Computational Singular Perturbation method can identify both the manifold and the slow
system that governs the flow along the manifold. CSP can also identify the parts of the
system, the equilibration of which defines the manifold, and the parts that drive the slow
evolution along the manifold. The merits of CSP will be demonstrated by analyzing a
pharmacokinetics model and it will be shown that it can provide results that are impossible
to get with the traditional methods. Among others, it will be shown that parts of the
system, that generate both fast and slow dynamics, can exhibit a dual influence in the
evolution of the process, depending on whether its fast or slow component dominates.

Mechanistic modeling of metastatic free relapse in breast cancer to
investigate the biological impact of diagnosis biomarkers
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Célestin Bigarré [celestin.bigarre@inria.fr]

COMPutational pharmacology and clinical Oncology Department, Inria Sophia Antipolis –
Méditerranée, Cancer Research Center of Marseille, Inserm UMR1068, CNRS UMR7258,
Aix Marseille University UM105, Marseille, France

Estimation of the risk of metastatic relapse is a major challenge to decide treatment
options for early-stage breast cancer patients. To date, metastatic free survival (MFS)
analysis mainly relies on classical – agnostic – statistical models (e.g., Cox regression).
Instead, we propose to derive mechanistic models to predict MFS.

The data consisted of patients who did not receive adjuvant systemic therapy from
three databases, composed respectively of 163 (Public hospital Marseille, AP-HM), 692
(Bergonié Institute) and 591 (Paoli-Calmettes Institute, IPC) patients and with 11 routine
clinical annotations. The first one also contained expression data of non-routine biomarkers.
The mathematical models are based on a partial differential equation describing a size-
structured population of metastases. They predict MFS from the size of the tumor at
diagnosis and two mathematical parameters, α and µ describing respectively the tumor
growth speed and metastatic dissemination potential. Using mixed-effects modeling,
the population distributions of α and µ were assumed to be lognormal and to depend
on routine clinical variables, whereas the observation error was assumed lognormal on
the time-to-relapse. Variable selection consisted first in a univariate Wald test for all
covariates with effect either on α or µ. We then used a backward elimination procedure.
Significance of the covariates in the final model was assessed by a multivariable Wald test.
Concordance indexes (c-index) were computed to assess the predictive power in 10 folds
cross-validation procedures as well as test sets.

The model selection procedure revealed an association of Thymidine kinase-1 with α and
plasminogen activator inhibitor-1 with µ (AP-HM), as well as Ki67 with α and nodal status
with µ (Bergonié and IPC). The predictive performances of the models were excellent
in calibration but moderate in discrimination, with concordance indices of 0.71 (95%
confidence interval (CI) [0.42, 0.99], AP-HM), 0.63 (95% CI [0.44 – 0.83], Bergonié)
and 0.60 (95% CI [0.54, 0.80], IPC).

Overall, mechanistic modeling combined with advanced variable selection was able to
unravel the biological roles of clinical and bio-markers in the development of metastatic
disease.

Technique development for the definition and analysis of discrete bi-
ological models

Josue Manik Navas Sedeno [tailswalker@gmail.com]
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Mathematical modelling in biology constitutes a powerful tool, with applications ranging
from experimental quantification, to hypothesis testing. Several kinds of mathematical
models exist, each with different strengths and shortcomings. Cellular automata (CA), in
particular, is a widely used mathematical modelling class which, due to their discreteness in
temporal, spatial, and state variables, are easily and efficiently simulated computationally.
However, there is no standard method of defining such models, which has resulted in the
individual development of specific models by qualitatively reproducing certain features
of the biological system of interest. Furthermore, analysis of such models is commonly
restricted to computational simulations. In this talk, several techniques are discussed for
defining biological cellular automaton models, as well as for analyzing them mathematically
for characterization and predictive purposes.

Efficient Bayesian inference for mechanistic modelling with high-throughput
data

Simon Martina-Perez [simon.martinaperez@hertford.ox.ac.uk]

Mathematical Institute, University of Oxford, UK

Bayesian methods are routinely used to combine experimental data with detailed mathe-
matical models to obtain insights into physical phenomena. However, the computational
cost of Bayesian computation with detailed models has been a notorious problem. More-
over, while high-throughput data presents opportunities to calibrate sophisticated models,
comparing large amounts of data with model simulations quickly becomes computation-
ally prohibitive. Inspired by the method of Stochastic Gradient Descent, we propose a
minibatch approach to approximate Bayesian computation. Through a case study of a
high-throughput imaging scratch assay experiment, we show that reliable inference can
be performed at a fraction of the computational cost of a traditional Bayesian inference
scheme. By applying a detailed mathematical model of single cell motility, proliferation,
and death to a data set of 118 gene knockdowns, we characterise functional subgroups
of gene knockdowns, each displaying its own typical combination of local cell density-
dependent and -independent motility and proliferation patterns. By comparing these
patterns to experimental measurements of cell counts and wound closure, we find that
density-dependent interactions play a crucial role in the process of wound healing.

241



Contributed Talks

Developmental Biology

Push or pull? Cell proliferation and migration during wound healing

Zanca1, Flegg1, Osborne1 [azanca@student.unimelb.edu.au]

The University of Melbourne

Skin wound healing is a complex process that is still not well-understood. Wound
management is expensive for both individuals and the health system overall, and can
reduce quality of life for patients. Given these significant socio-economic impacts, wound
healing has long been a focus of scientific research. Recent in vivo mouse studies
have identified two key regions in wounded skin tissue: a non-proliferative leading edge
that actively migrates into wounded space, and a proliferative hub in which cells have
enhanced mitotic properties. This work uses mathematical and computational modelling
to investigate the effect of changing the mechanical characteristics of cells in these two
key regions. In work we explore what characteristics are sufficient for wound healing,
particularly focusing on cell proliferation, since wounds are not able to repair successfully
without sufficient levels of cell division. By considering contact inhibited proliferation,
where small cells are unable to divide, we find that a quiescent region develops if the
proliferative hub is able to grow over time, essentially limiting the number of cells that are
able to divide. In contrast, if the proliferative hub is allowed to grow to a small size below
some threshold, then contact inhibition has a less significant role in wound repair. This
work builds upon existing cell-based computational studies of wound healing and could be
modified to investigate different stages of wound healing or impaired healing and wound
treatments.

The roles of different modes of force generation in tissue engineering
problems

Kieran Boniface, Carina Dunlop [k.boniface@surrey.ac.uk]

Department of Mathematics, University of Surrey, UK

Mathematical models for the forces acting on tissues during their development have helped
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our understanding of mechanotransduction but many of these models focus on external
forces exerted on tissues. Recent studies suggest that stresses generated internally within
cells play a crucial role in mechanotransduciton [1] and much of the groundwork for this
has focused on the cellular level. Our understanding of how cells move and sense forces
comes from experiments on cell layers cultured on 2D surfaces however we have come
to appreciate the importance of cell behaviour in 3D environments [2] and the role of
cell generated forces in tissue development [3]. Here we adopt a continuum mechanics
framework [4] to capture the forces at play during development of spherically symmetric
tissues. We introduce an active stress decomposition to capture the contractile nature
of cells in tissue engineering problems. We explore the interaction between contractility
and tissue growth and the effect this has on the stresses in the tissue. We highlight
potential mechanisms for mechanotransduction and the key parameters involved. We also
highlight difference in response between 2D and 3D tissues when incorporating mechanical
feedback.
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Falsifying computational models of angiogenesis through quantitative
comparison of in vitro to in silico endothelial cell networks

Tessa M. Vergroesen1, Vincent Vermeulen1, Roeland M. H. Merks1,2 [t.m.vergroesen@biology.leidenuniv.nl]

1Institute of Biology, Leiden University, Leiden, The Netherlands, 2Mathematical Institute,
Leiden University, Leiden, The Netherlands

During angiogenesis, i.e., the growth of new blood vessels, endothelial cells migrate from
existing vessels, proliferate and collectively organize into new capillaries. Angiogenesis is
crucial for embryonic growth and tissue repair, but tumors can hijack it for their own benefit.
Computational models alongside in vitro and in vivo experiments help to understand the
collective endothelial cell behavior that forms the basis of angiogenesis. The models have
shown that a wide variety of observed and assumed endothelial cell dynamics suffice to
reproduce angiogenesis-like behavior, to the extent that it has become unclear which of
the available models, if any, most closely approaches the in vitro and in vivo situations.
To investigate how computational models can be improved and which can be discarded,
we conduct in vitro 2D microscopy experiments that resemble existing cell-based models
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(e.g., cellular Potts models of angiogenesis [1,2]). We analyze time-lapse images of in
vitro endothelial network formation and extract a variety of dynamical properties from
the networks with a robust image analysis pipeline. We then compare the dynamics to
those of the in silico networks and test model parameters by changing the chemical and
mechanical composition of the in vitro environment. We have observed clear trends in
network characteristics over time in the in vitro time-lapses. We will present comparisons
with computational model outcomes and argue how models that fail to reproduce these
trends can be discarded. We will also show our ongoing work on single cell tracking with
fluorescent cell labeling. By labeling the cells we are able to follow individual cells within
the network. This enables us to extract individual behavioral changes and use these to
correct and fine-tune the assumptions underlying computational models of angiogenesis,
thus improving our understanding of the key endothelial cell interactions required for
angiogenesis.
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The Mechanical Control of Differential Growth in Plants

Ross Carter, Ankit Walia, Alexander Jones, Henrik Jönsson [ross.carter@slcu.cam.ac.uk]

Cambridge University, UK

Morphogenesis in plants is driven wholly by growth and cell division. To efficiently grow
into the diverse forms seen in plant organs the careful control of differential growth must
be acheived. In this work we use the Arabidopsis apical hook as a model system the
understand the mechanical control of differential growth.

With the use of analytics and dynamic, anisotropic, hyperelastic mechanical models we are
able to account for a number of suprising observations and make estimates on biologically
relevant parameters. We show that the careful control of material anisoptropy, through the
differential alignment of cellulose, is key for achieving predicatable and efficient differential
growth. We also highlight the importance of differential force gradients in enabling robust
morphogenesis.
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Gene Networks

A multi-layer network approach to investigate disease onset across
different tissues and times

Salvo Danilo Lombardo1,2, Jörg Menche1,2,3 [SLombardo@cemm.at]

1Department of Structural and Computational Biology, Max Perutz Labs, University of
Vienna, Vienna, Austria, 2CeMM Research Center for Molecular Medicine of the Austrian
Academy of Sciences, Vienna, Austria, 3Faculty of Mathematics, University of Vienna,
Vienna, Austria

A major challenge in medicine is to diagnose diseases as early as possible in order to plan
the most adequate treatment. However, our current understanding of why certain diseases
appear at a particular time and in a specific tissue is very limited [1]. To systematically in-
vestigate the potential molecular mechanisms that underlie these phenomena, we consider
the human protein-protein interaction (PPI) network, which represents a map of possible
physical interactions between two proteins. It has been shown that genes associated with
a particular disease form so-called disease modules in the PPI. We hypothesized that the
existence of a well connected disease module could be associated with the onset of the
respective disease [2]. To test this, we created 119 time- and tissue-specific networks
and characterized their differences and similarities across tissues and over time. Then, we
considered each specific network as a layer of a multi-layer network. Overlapping these
layers allowed us to identify genes that are expressed at all times and tissues (common
core genes), or that are important specifically for a tissue (tissue-specific genes) or time
(time-specific genes), and unique genes which would be expressed only in a specific tissue
at a given time. We observed that genes that are broadly expressed tend to have high
centrality values in the PPI, which is in line with previous studies. Finally, for each disease,
we looked at the disease gene representation and connectivity in each layer, identifying
time- and tissue-specific disease modules with potential relationships to time and tissue
onset. Exemplarily we show how disease genes associated with Tetralogy of Fallot, a
well-studied congenital cardiopathy, tend to form a disease module mainly in the heart
network during the seventh-week post-conception. We believe that our findings can guide
future research in personalized medicine helping to diagnose and treat disease in early-onset.
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Modelling Transcription Factors Search and Polymerase Recruitment
Dynamics within a complex chromatin structure

Oliveira, K. A., Molina, N. [amaraldk@igbmc.fr]

Institut de Génétique et de Biologie Moléculaire et Cellulaire, Université de Strasbourg,
Strasbourg, France

The diffusion of transcription factors within the nucleus plays a crucial role in the dynamics
of transcriptional regulation. Transient TF-DNA interaction events in specific binding
sites within regulatory regions lead to the recruitment of Polymerase and transcription
activation. More recently, it has been shown that weak protein-protein interactions lead
to condensates of TFs and Polymerase, which may have an important implication for
transcription. However, how the 3D structure of chromatin influences these processes
is not well understood yet. We propose a mathematical model with high-resolution
information on chromatin structure and DNA-protein interactions. The dynamics of
transcription factors were modelled as a slide plus jump-diffusion process on a chromatin
network based on pair-wise contact maps obtained from high-resolution Hi-C experiments.
However, some TFs can remain inactive outside the nucleus and translocate once they
receive the proper signal, i.e., it implies a different level of transcriptional resources over
time and how the regions close to the nuclear membrane can benefit from this TF import.
Our model allows us to uncover the effects of chromatin structure on transcription factor
diffusion and polymerase recruitment dynamics. Stochastic simulations on different TF
import dynamics reveal the connection between the network, resources and transcriptional
activity.
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Optimal Control of Stochastic Gene Regulatory Networks in Bacterial
Populations.

Hamza Faquir, Irene Otero-Muras [hamza.faquir@csic.es]

Computational Synthetic Biology Group. I2SysBio Institute for Integrative Systems
Biology (UV-CSIC), Spanish National Research Council. 46980 València, Spain

In this work we address the optimal control of stochastic gene regulatory networks. One
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of the challenges when it comes to the design, control and dynamic analysis of gene
regulatory networks for applications in systems and synthetic biology of bacteria, is the
presence of substantial amounts of molecular noise, due to the inherent stochasticity
of gene expression and the low copy numbers of the molecular species involved [1,
2]. The dynamics of stochastic regulatory networks is captured by a Chemical Master
Equation that is not mathematically tractable in most realistic scenarios. One widely used
approximation of the CME is obtaining the evolution of the probability distributions in time
by computing a large number of realizations of the Stochastic Simulation Algorithm [3].
A trajectory or realization given by a single SSA simulation is an exact sample from the
probability distribution that is the solution of the CME. Pajaro et al, 2017 [4] developed
an approximation of the CME in terms of Partial Integro Differential Equations that can
be solved numerically to directly obtain the evolution of the probability distributions in
time, and implemented a numerical semi-lagrangian method that achieves a very efficient
simulation of PIDE models of Gene Regulatory Networks [5]. This PIDE modeling
framework paves the way to address open problems related to optimization, analysis and
control of stochastic gene regulatory networks that could be otherwise too computationally
involved.

Here, we address the problem of optimal control of gene regulatory networks, combining
the PIDE modeling framework with optimal control theory and numerical optimization.
Our aim is to regulate the metabolic activity through the control of gene expression in
wild type microorganisms widely used in the food industry. We search for optimal temporal
profiles of the probability distributions of the target biomolecular species involved, in order
to reach the target specifications in terms of key protein and metabolite levels at final
time. First, we formulate the control problem taking into account the available external
manipulable variables, and the constraints that include the dynamics described by the
PIDE. Then, we solve the problem exploiting efficient global optimization algorithms. We
apply our methodology to solve different optimal control problems involving regulatory
networks in bacterial populations, with particular interest in fermentation and ripening
processes of high interest in the food industry.

Acknowledgments: HF and IOM acknowledge funding from the European Union’s
Horizon 2020 research and innovation program, e-MUSE MSCA-ITN-2020 European
Training Network under the Marie Skłodowska-Curie grant agreement No 956126.
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Immunobiology and Infection

Mathematical modeling of gene and cell therapy approaches for HIV
cure

E. Fabian Cardozo-Ojeda1, Elizabeth Duke1,2 , Ashish Goyal3, Joshua T. Schiffer1,2

[ecojeda@fredhutch.org]

1Fred Hutchinson Cancer Research Center, Seattle, USA, 2University of Washington,
Seattle, USA, 3Pfizer Worldwide R&D, Cambridge, USA

Antiretroviral therapy (ART) suppresses Human Immunodeficiency Virus (HIV) levels in the
blood to below detection limits in standard assays. However, ART must be taken daily due
to a latent reservoir of long-lived, HIV-infected cells. The three known cases of HIV cure
have resulted in individuals receiving allogeneic hematopoietic stem cell transplantation
(HSCT) from a donor with a mutation in the CCR5 gene, granting protection from HIV
infection to donor cells. In these cases, allogeneic HSCT led to HIV remission due to (1)
the protection against HIV after the engraftment of cells with the CCR5-gene mutation
and (2) the reduction of HIV-latently infected cells by graft-vs-reservoir (GvR) effects.
Novel gene and cell therapy strategies appear promising to achieve an HIV remission
similar to the ones achieved during allogeneic HSCT by either protecting susceptible
cells from HIV by deleting the CCR5 gene or boosting the immune system with infusions
of T cells or antibody-like peptides that target HIV-infected cells. We have developed
ordinary differential equation mathematical models that recapitulate viral load and T cell
measurements from SHIV-infected, non-human primates (NHP) receiving several types of
gene/cell therapies: (1) Autologous, CCR5 gene-edited HSCT [1], (2) vaccination that
produces anti-HIV antibody-like peptides called eCD4Ig [2] or (3) SHIV-specific chimeric
antigen receptor (CAR) T cells. We simulated each data-validated model to find the
optimal conditions in which each strategy provides ART-free HIV remission. Although
gene and cell therapy strategies for HIV cure are in the early stages, mathematical modeling
might contribute to accelerating the success of these approaches.
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Modelling cellular lifecycle of positive-sense (+)RNA viruses suggests
strategies for inhibiting productive cellular infection

Harsh Chhajer, Vaseef A. Rizvi, Rahul Roy [harshchhajer@iisc.ac.in]

Indian Institute of Science, Bangalore, India

Positive-strand (+)RNA viruses have been responsible for many of the emerging and
re-emerging infectious diseases, like the current SARS-COVID19 pandemic, Zika, Hepatitis
C and Poliomyelitis. Lifecycle processes of (+)RNA viruses are broadly conserved across
families, yet they employ different strategies to grow in the cell. Quantitative understanding
of how such strategies affect viral lifecycle and thus the infection, can highlight bottlenecks
common to (+)RNA viruses.

Using a generalized dynamical model to monitor cellular levels of viral molecules, we
computationally explore the parameter space and estimate lifecycle determinants for several
viruses. We find that poliovirus employs rapid replication and virus assembly, whereas the
Japanese encephalitis virus leverages its higher rate of translation and efficient cellular
reorganization, compared to the hepatitis C virus. For a particular virus, the model parses
the effects of viral mutations, drugs and differences in host cell permissivity, on viral
lifecycle dynamics.

Stochastic simulations of the model demonstrate infection extinction if all seeding (in-
oculating) viral RNA degrade before establishing a robust replication machinery. The
probability of establishment of productive infection, termed as ‘cellular infectivity’, is
affected by virus–host processes and defined by early lifecycle events and viral seeding. An
increase in cytoplasmic RNA degradation and delay in intracellular rearrangements (which
facilitate viral replication) reduces cellular infectivity, more so when combined. Synergy
among these parameters in limiting (+)RNA virus infection as predicted by our model
suggests new avenues for inhibiting infections by targeting the early lifecycle bottlenecks.
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Mechanistic modelling of pre-school wheezing and progression to
school-age asthma

Prakrati Dangarh, Kunyuan Tian, Sejal Saglani, Reiko J. Tanaka [p.dangarh21@imperial.ac.uk]

Imperial College London, UK

Asthma symptoms begin in the pre-school years, with wheezing as one of the most
common conditions. Wheezing is triggered by seasonal epidemics of respiratory syncytial
virus (RSV) and is associated with “pro-asthmatic” characteristics, i.e. type-2 immunity
and impaired epithelial repair [1] [2] [3]. Early intervention in the pre-school years is critical
to prevent asthma development, but current wheezing management is ineffective and does
not benefit all pre-school wheezers [4]. Further research is required to better understand
the mechanisms behind the progression of pre-school wheeze to asthma, especially using
neonatal rather than adult animal models. We recently conducted experiments using
neonatal mice to evaluate the dynamic responses to recurrent RSV infection, which triggers
wheezing. However, it is challenging to elucidate how pre-school wheezing progresses to
school-age asthma from the experimental data due to dynamic interactions between type-2
immune response and airway barrier damage. We, therefore, developed a mechanistic
model of RSV infection and tested a hypothesis that pre-school wheeze triggered by RSV
infection leads to sustained airway barrier damage, triggering pro-asthmatic characteristics.
The model structure was derived from clinical studies in human adults and experiments
from adult animal models. The model was described by a set of ODEs and fit to the
neonatal mice experimental data. Our model simulations showed that pre-school wheeze
triggered by recurrent RSV infection results in exaggerated type 2 immune response (high
eosinophilia) and impaired barrier repair in airway epithelium. These results suggest that
sustained barrier damage upon recurrent infection leaves the host susceptible to further
insults triggering ‘pro-asthmatic’ characteristics.
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A knowledge-oriented approach to drive mRNA-vaccine design via
QSP modelling

Giada Fiandaca1, Gianluca Selvaggio2, Lorena Leonardelli2, Stefano Giampiccolo2,
Luca Marchetti1,2 [giada.fiandaca@unitn.it]
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Over the past two years mRNA vaccine platforms have proven to be a formidable tool to
quickly develop and deploy enough doses to carry the world out of a pandemic event. An
impelling requirement for the future is to promptly design vaccine’s formulation and dose
and scheduling optimization, by exploiting at its best the responsivity of this technology.
The humoral immune response is expected to be similar to traditional vaccines, while
information on the early events after the administration appears to be fragmented amid
the literature. Thus, an in-depth understanding of the spatio-temporal processes driving
the immunogenicity, via this vaccination methodology, may contribute to accelerate in
silico its development and optimization.

Mathematical models and computational tools can play a crucial role in guiding vaccine
development from the mRNA design to supporting candidate lead selection. The ability
to simulate virtual populations, informing on vaccine formulations, scheduling and dose
selection, can be pivotal in exploring non-trivial design, eventually minimising attrition
rates.

We propose a QSP (Quantitative System Pharmacology) approach to model the main
events after the administration of an mRNA-vaccine. The immunogenicity is described
at organism level and depends on vaccine doses, delivery systems and mRNA properties,
aiming to shift drug design and development towards a knowledge-oriented approach. We
leveraged the model presented in [1], by extending it to describe in greater detail the
early events after injection, according to the information retrieved in literature during a
text mining phase [2]. The model is defined as a system of ODEs (Ordinary Differential
Equations) that represent the whole immunogenic process providing as endpoint to the
simulation the generated antibody titers [3], and it is calibrated on literature data [4].
The main tunable properties of the vaccine have been identified, and a corresponding
sensitivity analysis has been carried out to suggest ways to prioritise drug design strategies
and to inform drug development. The resulting simulations recapitulate qualitatively and
quantitatively the main aspects of an mRNA-vaccine derived immunogenicity. Moreover,
they show how in silico tools could be embedded in the drug development process from
the early discovery stage [5].
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Modeling the intracellular replication of a new type of defective in-
terfering particle of influenza virus with genomic nucleotide substitu-
tions
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Defective interfering particles (DIPs) are considered for application in antiviral therapy
due to their ability to inhibit the replication of their homologous wild type virus. Typically,
they carry a strongly deleted version of the viral genome. Recently, a new type of DIP
referred to as OP7 was shown to strongly impede influenza A virus (IAV) infection in mice
[1]. OP7 contains no deletions and instead carries numerous nucleotide substitutions on
the 7th segment of the influenza virus genome [2].

In this work, we extended a previously published intracellular model of DIP infection [3]
to describe the replication dynamics of OP7 during co-infection with wild type IAV. The
model developed here covers essential steps during the intracellular replication and release
of OP7 particles. To calibrate the model, we measured the RNA levels of wild type
and OP7 RNAs individually using real-time reverse transcription-quantitative PCR and
the levels of viral proteins via mass spectrometry. We show that the superpromotor on
segment 7 introduced by the nucleotide substitutions allows OP7 to competitively inhibit
wild type virus replication by inducing a limitation of viral resources. Finally, we employed
the model to evaluate the function of the matrix proteins generated from the mutated
genome segment.

In summary, we developed a mathematical model that provides a comprehensive description
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of OP7 replication during co-infection with IAV to facilitate the development of antiviral
therapies and to improve the understanding of DIP interference on the intracellular level
of infection.
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Invasive pulmonary aspergillosis is a lethal pulmonary infection caused by the mould of the
aspergillus species. As the mould grows into its hyphal form, it breaches the endothelium
causing hemorrhaging in the alveolar space, where heme then becomes available for the
mould to sustain its growth [1]. On the other hand, heme also has a plethora of effects on
the host, many which remain unidentified. Through a tight integration of mathematical
model and experimentation, we have identified key interactions between hemorrhaging and
the host’s innate and humoral immune system, all which potentiate a strong inflammatory
response and potentially causes rampant inflammation in the lung. In this talk, we will
present the multidisciplinary model building process, as well as showcase how the model
is utilized to study how heme impacts the host immune response. These observations
and hypotheses are then experimentally validated with in vivo models of IPA, resembling
a complete loop of systems biology. We will then discuss how the model is utilized to
generate hypotheses on how to intervene in the interactions between hemorrhaging and
host immunity.
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Mathematical Epidemiology

Quiescence generates delay and moving average in a stochastic epi-
demiological model
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Mathematical modelling of epidemiological and coevolutionary dynamics is widely used to
improve disease management strategies of infectious diseases. Many bacterial, viral or
fungal diseases present some form of intra-host quiescent stage, also known as covert
infection, while other exhibit dormant stages in the environment. As quiescent/dormant
stages can be resistant to drug, antibiotics, fungicide treatments, it is of practical relevance
to study the influence of these two life-history traits on the coevolutionary dynamics. We
develop first a deterministic coevolutionary model with two parasite types infecting one
host type and study analytically the stability of the dynamical system and condition for
disease maintenance (the known quantity R0). We specifically derive a stability condition
for a five-by-five system of equations with quiescence. Second, we develop a stochastic
version of the model to study the influence of quiescence on stochasticity of the system
dynamics. We compute the steady state distribution of the parasite types which follows
a multivariate normal distribution. Furthermore, we obtain numerical solutions for the
variance-covariance matrix of the system under symmetric and asymmetric quiescence
rates between parasite types. When parasite strains are identical, quiescence increases the
number of infected host individuals and its variance. However, when there is competition
between parasite strains with different quiescent rates, quiescence generates a moving
average behaviour which dampen off stochasticity and decreases the number of infected
hosts. The strain with the longest quiescence determines the strength of the moving
average and the magnitude of reduction of stochasticity. As a follow-up we compute the
time to extinction of an epidemics under stochasticity with and without quiescence. Our
results show the importance of investigating the effect of quiescence and dormancy on
epidemiological dynamics to improve disease management strategies.
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Plasmodium vivax is the most geographically widespread parasite causing malaria resulting
in significant associated global morbidity and mortality. One of the factors driving this is
the ability of the parasites to remain dormant in the liver as hypnozoites, and activate
later to cause further infections (referred to as relapses). As around 80% of infections
are attributed to relapses from activating hypnozoites, it is vitally important to target
the hypnozoite reservoir to eliminate P. vivax. Treatment with radical cure, for example
tafenoquine or primaquine, for targeting the hypnozoite reservoir is a potential tool
to control and/or eliminate P. vivax. We have developed a deterministic multiscale
mathematical model as a system of integro-differential equations which capture the
complex dynamics of P. vivax hypnozoites and the effect of hypnozoite relapse on disease
transmission. Here we use our multiscale model to study the effect of radical cure
treatment as a method of mass drug administration (MDA). We implement multiple
rounds of MDA with a fixed interval between rounds, starting from different equilibrium
disease prevalences. We then construct an optimization model to obtain the optimal MDA
interval. From our study, we have found that, under our mathematical model and choice
of parameters, radical cure alone may not be enough to lead to P. vivax elimination.
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Host mixtures for plant disease control: benefits from pathogen se-
lection and immune priming (talk)
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Multiline and cultivar mixtures are highly effective methods for agroecological plant disease
control. Priming-induced cross protection, occurring when plants are challenged by aviru-
lent pathogen genotypes, and resulting in increased resistance to subsequent infection by
virulent ones, is one critical key to their lasting performance against polymorphic pathogen
populations. Strikingly, this mechanism was until recently absent from mathematical
models aiming at designing optimal host mixtures. We developed an epidemiological model
to explore the effect of host mixtures composed of variable numbers of single-resistance
cultivars on the equilibrium prevalence of the disease caused by pathogen populations
polymorphic for virulence complexity. This model shows that a relatively large amount
of resistance genes must be deployed to achieve low disease prevalence, as pathogen
competition in mixtures tends to select for intermediate virulence complexity. By contrast,
priming significantly reduces the number of plant genotypes needed to drop disease
prevalence below an acceptable threshold. Given the limited availability of resistance
genes in cultivars, this mechanism of plant immunity would make the use of host mixtures
more achievable in practice.
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On the use of time-discretized models as approximations to continuous-
time epidemic models

M.T. Rodríguez-Bernal [mayter@mat.ucm.es]
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The interest is in the use of time-discretized models as approximations to the continuous-
time birth-death (BD) process I = {I(t) : t ≥ 0} describing the number I(t) of infective
hosts at time t in stochastic SIS epidemic models. We show the similarities and differences
between the discrete-time BD process Ĩ of Allen and Burgin [1], which is inspired from
the infinitesimal transition probabilities of I, and an alternative discrete-time Markov
chain I, which is defined in terms of the number I(τn) of infective hosts at a sequence
{τn : n ∈ N0} of inspection times. In particular, the processes Ĩ and I can be thought
of as a uniformized version and the discrete skeleton of process I, respectively, and are
commonly used to derive, in the more general setting of Markov chains, theorems about
a continuous-time Markov chain by applying known theorems for discrete-time Markov
chains. We demonstrate that the continuous-time BD process I and its discrete-time
counterparts Ĩ and I behave asymptotically the same in the limit of large time index,
while the processes Ĩ and I differ from the continuous-time BD process I in terms of the
random length of an outbreak, or when considering their dynamics during a predetermined
time interval [0, t ′]. To compare the dynamics of process I with those of the discrete-time
processes Ĩ and I during [0, t ′], we consider extreme values in these three processes and
use the Hellinger distance between two probability distributions to quantify the similarity
between the resulting extreme value distributions of either I and Ĩ, or I and I. The talk
is mainly based on References [2] and [3].
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A renewal equation model for disease transmission dynamics with
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contact tracing
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The University of Manchester, UK

Contact tracing is one of the most cost-effective and widely adopted non-pharmaceutical
interventions to counteract the spread of infectious diseases in the absence of effective
treatments and vaccines. We propose a deterministic model for disease transmission
dynamics, structured by time since infection, that includes diagnosis of symptomatic
individuals and contact tracing. A mechanistic formulation of the processes at the
individual level leads to an integral equation (delayed in calendar time and advanced in
time since infection) for the probability that an infected individual is detected and isolated
at any point in time. This is then coupled with a renewal equation for the total incidence
to form a closed system describing the transmission dynamics involving contact tracing.
Using parameters from SARS-CoV-2, we show how the model can give information on
the parameter combinations for diagnosis of symptomatic infections and contact tracing
that allow to attain control, and by means of numerical simulations we investigate the
effect of a temporary interruption of contact tracing in the presence of limited tracing
resources.

Joint work with Lorenzo Pellis (University of Manchester, UK), Nicholas H Ogden (PHAC,
Public Health Agency of Canada) and Jianhong Wu (York University, Toronto).
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Social distancing as a social dilemma game (talk)
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Since the outbreak of the global COVID-19 pandemic, social distancing has been known to
everyone and recommended almost everywhere every day. Social distancing has been and
will be one of the most effective measures and sometimes, the only available one for fighting
epidemics and saving lives. However, it has not been so clear how social distancing should
be practiced or managed, especially when it comes to regulating everyone’s otherwise
normal social activities. The debate on how to implement social distancing often leads to
a heated political argument, while research on the subject is lacking. In this talk, I will
discuss a theoretical framework for the understanding of the scientific nature of social
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distancing by considering social distancing as a social dilemma game played by every
individual against his/her population. From this perspective, every individual needs to
make decision on how to engage in social distancing, or risk being trapped into a dilemma
either exposing to deadly diseases or getting no access to necessary social activities. As
the players of the game, the individual’s decisions depend on the population’s actions and
vice versa, and an optimal strategy can be found when the game reaches an equilibrium. I
will show how an optimal strategy can be determined for a population with either closely
related or completely separated social activities and with either single or multiple social
groups, and how the collective behaviors of social distancing can be simulated by following
every individual’s actions as the distancing game progresses. The simulation results for
populations of varying sizes and complexities will be presented, which not only justify
the choices of the strategies based on the game theoretic analysis, but also demonstrate
the convergence of the individual actions to an optimal distancing strategy in silico and
possibly in natura as well, if every individual makes rational distancing decisions.
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flaviviruses on epidemic dynamics in Nicaragua (talk)
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Infection with one of the four dengue viruses (DENV1-4) induces both virus-specific
and broadly-reactive antibodies that may either provide protection or wane to antibody
titers that can subsequently increase the severity of disease during secondary DENV
infection. Re-infection with the same DENV serotype is thought to reduce dengue risk,
however, longitudinal studies investigating re-exposure and protective immunity in the
context of dengue epidemic dynamics are still lacking. For instance, does the interaction
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between long-term waning of immunity between infections and re-exposure contribute to
dengue epidemic periodicity? Further, does Zika virus (ZIKV) infection also modulate
dengue epidemics? Previous modelling studies have explored the role of boosting (increase
in antibody titers following a re-infection) in protection against dengue but not using
longitudinal measures of herd immunity and re-exposure. Since the force of infection
of DENV and the probability of seroconversion in individuals with multiple prior DENV
infections is relatively low, measuring re-exposure to DENV in highly DENV-immune
individuals is difficult. Here, we utilize a longitudinal dataset of antibody titers to DENV
and ZIKV measured annually in children and adults in Nicaragua from 2004-2021. We
develop, simulate and calibrate an immunity-structured SIR model incorporating individual
antibody boosting and waning in between infections to study the dynamics of DENV/ZIKV
epidemics and the importance of overall antibody boosting to the transmission dynamics.
Our preliminary results support our hypothesis that boosts in highly immune individuals
deplete the susceptible population, contributing to herd immunity, and lowering the rate
of detected dengue cases in future epidemics, consistent with observed dengue epidemics
in Nicaragua. However, as their immunity wanes due to lower transmission intensity, the
susceptible fraction build up until a major epidemic that includes re-infection of those
with high titer levels once again depletes the susceptible pool. Our preliminary analyses
highlight the Interaction of immune boosting and waning in shaping ‘realistic’ dengue
epidemic dynamics.
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Model-based approach for determining COVID-19 incidence for dif-
ferent testing intensities
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Throughout the COVID-19 pandemic, testing rates have varied greatly, both over time as
well as by country. This makes it difficult to estimate the COVID-19 incidence accurately.
In addition, testing plays a different role in a low-incidence phase with epidemic control,
compared to a phase in which most of the population is infected within a short period of
time, as observed in many European countries following the arrival of the Omicron variant.
This suggests that incidence-rates must be corrected for changes in testing behaviour
and intensity, both during epidemic control and in the years of research that follow.
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In this talk, we present a model-based approach for estimating the ratio between individuals
that were found positive and the total number of infections, with a focus on how the
rate of testing affects this ratio. The model itself is a based on the classic SIR-model,
allowing for simple analysis, as well as comparison and extension of results to other models.
Following the methods of Andreasen[1], we show that calculations of epidemic final size
lead to analytical results for comparing across different testing intensities. Further analysis
reveals how the test-identified number of infections can be corrected to give an estimate
for the real incidence, not only after population-wide spread but also during epidemic
phases with mitigation.

We relate our results to publically available data for different phases of the COVID-19
pandemic in Denmark. In addition to daily numbers of positive cases and tests, we also
consider data on the incidence among patients undergoing planned surgery during early
epidemic phases as well as the result of serology studies before, during and after the spread
of the Omicron variant. We compare our results with a test-correction approach applied by
Danish health authorities throughout the pandemic, providing a mechanistic interpretation
for the test-correction method used. Finally, we comment on the importance of accurately
estimating the test-corrected incidence, both for comparing COVID-19 waves in different
countries as well as for future pandemics.
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The effect of pests and pathogens on forest harvesting regimes: a
bioeconomic model
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Pests and diseases are an existential threat to trees in forests and woodlands. There is,
therefore, a pressing need to use ecological and bioeconomic models to inform forest
managers on control and mitigation strategies. For example, the incidence of Dothistroma
needle blight in the UK has increased rapidly since the 1990s, and it is a significant
threat to the productivity of commercial forestry. Climatic changes are expected to
exacerbate this problem further. Control of the disease in the UK primarily focuses on
good stand management through pre-commercial thinning; similar practices are widely
used in commercial forests worldwide. Forest managers would benefit from evidence on
the effectiveness of this precautionary strategy (compared to its alternatives) to reduce
disease impacts and increase the value extracted from timber. We have developed a
bioeconomic model to determine the economically optimal harvesting regime - in terms of
thinning and rotation - of an even-aged plantation under the risk of an invading pest. The
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model combines numerical optimisation of a net present value calculation using integral
over time (a Schaefer-Faustmann model) with a compartmental epidemiological system
(Susceptible-Infected model with state- and time-dependent growth) that governs tree
growth and disease spread. We analyse a set of management strategies, including the
timing of the final clear-felling of the forest and the timing and level of earlier thinning.
Thus, in our approach, forest managers decide whether and when to thin and must balance
i) harvesting before infection destroys the timber’s value and ii) exploiting the forest’s
density-dependent growth. We use a sensitivity analysis with respect to the disease spread
and impact on the tree dynamics to demonstrate that, in the presence of disease, thinning
can significantly improve the net present value of the plantation if applied correctly. The
optimal thinning and rotation strategy is sensitive to the prevalence and severity of damage
caused by infection. If i) the prevalence of infection is very low, or ii) very high, but
infection does not cause much damage, we use a long rotation with late thinning. If the
infection spreads quickly and causes significant damage, it is optimal to thin and clear-fell
early. When the infection spreads reasonably quickly and causes middling damage to
timber, we thin early (before widespread infection) to salvage valuable timber and then
leave the rest to get infected and clear-felled later. Furthermore, if thinning reduces the
transmission rate significantly, the priority is to protect the final harvest, and rotations
extend while the thinning time shortens. Our study provides a framework to assist with
designing appropriate forest management strategies to reduce the impact of disease on
tree growth and the commercial value of the forest.

Bifurcation analysis in a coffee leaf rust epidemiological model

Clotilde Djuikem1,Frédéric Grognard1 and Suzanne Touzeau1,2 [clotilde.djuikem@inria.fr]
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Coffee is an important cash crop cultivated in the tropics, which sustains the livelihood of
not less than 125 million people worldwide [1]. However, coffee plantations are subject to
various diseases, among which coffee leaf rust (CLR), caused by fungus Hemileia vastatrix,
which infects coffee leaves and can severely reduce coffee berry production.

We developed a deterministic ODE model which describes the interaction between CLR
and coffee branches in a coffee plantation. It is based on the classical SEIR epidemiological
model, with an extra state variable for spores released by infected branches, which in turn
infect susceptible branches. Moreover, coffee branches are subdivided into young and
mature branches, the latter producing coffee berries. We computed the basic reproduction
number R0, which classically determines the stability of the disease-free equilibrium
(DFE), and studied the bifurcation around R0 = 1 using Castillo-Chavez and Song’s
theorem [2].
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We identified two behaviors for the CLR model when R0 is close to 1. The first classical
case corresponds to a forward bifurcation. When R0 < 1, there are two equilibria: the
trivial equilibrium (TE), which is unstable, and the DFE which is stable. When R0 > 1,
the DFE becomes unstable and a stable endemic equilibrium (EE) appears. In the second
case, there is backward bifurcation. When R0 < 1, there are four equilibria: the unstable
TE, the stable DFE and two EE, one stable and one unstable. When R0 > 1, the DFE
becomes unstable, one EE disappears and the other EE remains stable. When R0 close
to 0 the EE disappear and the DFE becomes stable. When R0 is notably larger than 1,
two situations may occur: either the EE persists and remains stable or it disappears and
the TE becomes stable.

In conclusion, this CLR epidemiological model with host age classes exhibits complex
asymptotic properties: R0 < 1 is not sufficient to eradicate the disease, as an EE may
coexist; moreover, high R0 values may lead to the destruction of the coffee plantation
instead of disease persistence.
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Epidemic models with digital and manual contact tracing
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Contact tracing is an effective measure for controlling epidemic spreading. Mathematically,
contact tracing is modelled by having some contacts of diagnosed individuals being traced
and tested, thus identifying and isolating some infected individuals who have not been
diagnosed earlier. Our work is concerned with two types of contact tracing: the classical
manual contact tracing and the more recent digital contact tracing. Further, we compare
the preventive effect of each and their combined preventive effect.

More specifically, we consider the basic Markovian SIR epidemic model in a homogeneous
mixing community with a constant rate of diagnosis (testing). In our paper [1], we
modelled traditional manual contact tracing by assuming that once an infectious individual
tests positive, it is immediately isolated, and each of its contacts will be traced and
tested independently with some fixed probability p. In the present study, we add digital
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contact tracing to the model by assuming that each individual wears a contact tracing app
(and follows the recommendation) independently with probability π. For mathematical
tractability, we assume that manual and digital contact tracing occur recursively and
without delay. When having both digital and manual tracing in place, if an infective is
diagnosed, a fraction p of all its contacts will be reached by manual tracing. On the other
hand, if the infective is an app-user, a fraction π of all its contacts using the tracing app
will be traced digitally. In the case of π = 0, the combined model would correspond to
our previously studied model [1].

We mainly focus on the beginning of an outbreak before a massive fraction have been
infected, and show that the early epidemics are approximated by (two-type) branching
processes relying on a large community. The ”types” in the branching process are not
individuals but rather ”to-be-traced components” as ”macro-individuals”. For the epidemic
model with digital contact tracing only, the limiting branching process consists of two
types of ”individuals”: the non-app-users and ”app-using components”. The expressions
for the corresponding reproduction numbers for components and individuals are derived
and numerically evaluated. When considering the combined model with both tracing
methods, we analyze a more complicated two-type branching process, where the "types"
are "to-be-traced components" starting with different "roots". The resulting reproduction
number is numerically evaluated.

Finally, we conclude with numerical results that it is even more essential in controlling
the epidemic to have a large fraction π of app-users for the digital contact tracing, as
compared with the fraction p reached by the manual contact tracing. Importantly, it is
shown that the preventive effect of combining the manual and digital tracing is bigger
than the product of each of the two preventive effects.
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The COVID-19 pandemic has initiated an unprecedented worldwide effort to characterize
its evolution through the mapping of mutations in the genome of the coronavirus SARS-
CoV-2. The appearance of new variants of concern, like for example the Omicron
variant, demonstrates that the early identification of mutations that could confer adaptive
advantages to the virus, such as higher infectivity or immune evasion, is of paramount
importance. However, the large number of currently available genomes, several millions at
this moment, precludes the efficient use of standard phylogeny-based methods. Here we
present a new topological approach, and establish a fast and scalable early warning system
based on persistent homology for the identification and surveillance of emerging adaptive
mutations in large genomic datasets [1]. Our method systematically detects convergent
events in viral evolution merely by their topological footprint and thus overcomes limitations
of current phylogenetic inference techniques. As a particular mathematical feature, thanks
to our use of highly optimized algorithms it easily scales to hundreds of thousands of
distinct genomes. We introduce a new topological measure for convergent evolution.
Analyzing millions of SARS-CoV-2 genomes from the GISAID database, we demonstrate
that topologically salient mutations are linked with an increase in infectivity or immune
escape. As we demonstrate, our method can detect adaptive mutations at an early
stage, well before they become recognizable by their prevalence in the population. We
report on current emerging potentially adaptive mutations, and pinpoint mutations in
variants of concern that are likely due to convergent evolution. Our approach can improve
the surveillance of mutations of concern, guide experimental studies, and aid vaccine
development.
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Modelling, Analysis, Observability and Identifiability of Epidemic Dy-
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In mathematical epidemiology, most of the research is focused on the direct analysis
and simulation of epidemic dynamics. For a given model, one is usually interested in the
theoretical analysis of the model in order to gain insight on the qualitative and quantitative
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behavior of the epidemics, and also to achieve numerical simulation for forecasting or
testing of control scenarios. For each issues, the knowledge of the parameters and state
values represent an essential matter, for example to compute the basic reproduction
number. At the same time, it is also an essential prerequisite for the good conduct of the
simulation, which depends on the quality of the parameter estimation. Only few studies
have been devoted to estimating parameters and state values of epidemic system from
given epidemic data, see the survey [4] for application of observation and identification
techniques to epidemiological models.

We are especially interested here in the following issue: may the use of information on
the number of times the individuals have been infected, improve state and parameter
estimation? Models counting the number of infections have been rarely considered in the
literature [1]. We first propose and analyze a general SEIRS compartmental model able of
counting an infinite number of reinfections, which is similar to Becker-Döring-type system
[3]. We then show how using jointly measurement of the number of infected individuals
and of the number of primo-infected provides observability and identifiability to a simple
SIS model for which none of these two measures is sufficient to ensure on its own the
same properties [5].

This is a joint work with Pierre-Alexandre Bliman, Sorbonne Université, Inria, Paris.
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Although it is well known that the strength of infectious disease transmission in the
workplace differs between occupations (e.g. healthcare worker or office worker), there
can also be substantial observed variation for a given occupation. Stochastic effects
are more pronounced in smaller populations and are therefore a particularly important
consideration when modelling workplace disease transmission. In stochastic epidemiological
models, one parameter set (i.e. for a given occupation) can give rise to a distribution
of outbreak sizes, however the mean-field dynamics are not necessarily representative
of all stochastic realisations of the model. For example, as the predicted outbreak size
distribution becomes more overdispersed, there is greater uncertainty in the outbreak
size and the mean becomes less informative. We studied how the addition of various
levels of biological detail in a stochastic model for workplace transmission determines the
distribution of outbreak sizes, and how this depends on workforce size and the strengths
of transmission in the workplace and wider community. Specifically, we considered both
individual (infectiousness, susceptibility and infection duration) and spatial heterogeneity.
We found that the level of overdispersion in outbreak size can change non-monotonically,
as a function of individual level heterogeneity, workplace transmission and the size of the
workforce. This study reveals how different biological details might undermine our ability
to predict workplace disease outbreaks, and also which details should be accounted for to
accurately understand outbreak uncertainty.

Evaluating the use of cross-sectional infection and antibody positivity
with social contact data to produce age-specific forecasts of SARS-
CoV-2 incidence

James D Munday1,2, COVID-19 Infection Survey Team3, Sebastian Funk1,2 [james.munday@lshtm.ac.uk]

1Centre for mathematical modelling of infectious Diseases, London School of Hygiene
and Tropical Medicine, UK; 2Department of Infectious Disease Epidemiology, London
School of Hygiene and Tropical Medicine, UK; 3COVID-19 Infection Survey Team, Office
for National Statistics, UK

Real-time epidemic analysis is a central part of outbreak mitigation and control. One
key element is short-term forecasting, which provides estimates of how the epidemic
is likely to change in the coming days and weeks. A host of methods are used in this
application ranging from statistical time-series forecasting methods, to fully dynamic
mechanistic models. A popular group of models that has emerged in recent years are
semi-mechanistic models, which fit epidemiological parameters and use them to project
short term forecasts. One key downside of such methods is that they typically oper-
ate on a single time-series, strictly assuming transmission within a single closed population.

We developed a framework for incorporating social contact data, measured weekly by the
CoMix survey[1], into a simple forecasting model to allow interaction between age-groups
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as we forecast incidence of infection of SARS-CoV-2 in England. First we estimated
daily infection incidence and antibody prevalence in seven age-groups, by fitting models to
COVID-19 Infection Survey data [2, 3]. Second, we estimated weekly contact matrices
using data collected in the CoMix contact study [1]. We combined these estimates, to fit
vectors of age-specific susceptibility (~s) and infectiousness (~i). These vectors augment
weekly contact matrices (Ct), providing a time-varying ‘next generation matrix’ Nt , which
describes transmission rates within and between age-groups, such that at time t,

~It =

t−1∑
s=t−gmax

(ws ×Nt
~Is)

where,

Nt = diag(~s)Ntdiag(~i)

ws is the weighting given by the generation interval distribution and gmax is considered the
reasonable maximum generation interval. We used the inferred next generation matrices
to project the future generations of infections for 61 historical forecast dates. We used
proper scoring rules to evaluate the forecasts of four models, which used the contact data
at different resolutions. We then compared their performance to two naive baseline models.

We found that overall, the contact data informed models performed worse than the
baseline models. However, when we dis-aggregated the evaluation of forecasts by phase of
the epidemic and age we found that the contact-based models performed better in some
cases. Notably the contact models performed better than the baselines for all age-groups
except those between 11 and 34. There was also substantial variation in performance over
time. The contact based models performed best during ‘Lockdown 2’ (November 2020).
Although the model performed poorly compared to the baseline, this work highlights key
challenges regarding the incorporation of contact data in forecasting. We offer proposals
as to how to extend and adapt our approach, which may lead to more successful forecasts
in future implementations.
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Mathematical Methods for Large Community Infection Surveys
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The UK’s Office for National Statistics (ONS) runs the COVID-19 Infection Survey (CIS),
which is one of the largest community studies of community SARS-CoV-2 infection in the
world. This study has, from its inception, yielded unique insights about the coronavirus
pandemic [1].

Due to its unique design, however, as a household longitudinal study, these data also
pose very interesting mathematical and computational challenges related to the question
of how transmission within the household, as well as risk factors for such transmission
events, should be inferred. This talk will present the model based on non-Markovian
stochastic processes, as well as the compuational methods used, in solving this problem [2].

Another rich source of information in these data, requiring mathematical and computational
contributions, is the whole-genome sequencing that is done on the samples from this
study with sufficient biological material. We will present methods and theory behind the
analysis of strain replacement seen in the UK, which validate empirically decades of theory
in theoretical ecology and epidemiology [3].
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Mathematical Neuroscience

Dynamics of proteins in Alzheimer’s disease: a mathematical model
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The synergistic interplay of proteins Amyloid-beta and tau is a subject of considerable
interest when it comes to the study of Alzheimer’s disease. In this talk I shall present
a mathematical model for the onset and progression of Alzheimer’s disease based on
transport and reaction-diffusion equations for the two proteins. In the model neurons are
treated as a continuous medium and structured by their degree of malfunctioning. Three
different mechanisms are assumed to be relevant for the temporal evolution of the disease:
i) diffusion and agglomeration of soluble Amyloid-beta, ii) effects of misfolded tau protein
and iii) neuron-to- neuron prion-like transmission of the disease. These processes are
modelled by a system of Smoluchowski equations for the Amyloid-beta concentration, an
evolution equation for the dynamics of tau protein and a kinetic-type transport equation
for the distribution function of the degree of malfunctioning of neurons. The latter
equation contains an integral term describing the random onset of the disease as a jump
process localized in particularly sensitive areas of the brain. I will explain the structure
of the model and give a hint of the main results obtained. Eventually I will also show
the output of some numerical simulations, of some significance even if performed in an
over-simplified 2D geometry.

This is joint work with M. Bertsch, B. Franchi and A. Tosin.
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The presence of myelin is a powerful structural factor that controls conduction velocity
of mammalian axons. It is the combination of local synaptic activity and non-local
delayed axonal interactions within the cortex that is believed to be the major source of
large-scale brain signals that are seen in EEG/MEG recordings. In this talk, I will aim to
combine perspectives from neural mass and network modelling and develop a new set of
mathematical tools able to unravel the contributions of space-dependent axonal delays to
large-scale spatiotemporal patterning of brain activity. I will first analyse a single neuronal
population model with self-feedback and a fixed delay and show how to construct periodic
orbits for a Heaviside firing rate and perform linear stability analysis by augmenting Floquet
theory with saltation operations, and determine arising bifurcations. Then I will consider
a ring of N scalar nodes with distance-dependent delays and show how to reduce this
to a system with just two lags. Subsequently, I will show how to perform stability and
bifurcation analysis of network states (with a particular focus on synchrony). Next, I
generalise these results to treat a delayed Wilson-Cowan neural mass model. Moreover,
I study arbitrary networks of weakly coupled such nodal units by modifying the phase
reduction theory for delay-coupled systems. Finally, I will discuss outstanding challenges
for when the coupling is strong and delays are plastic.

Neuronal population model of decision-making: influence of distributed
delays

U. Foryś1, E. Attia2 [urszula@mimuw.edu.pl]

1University of Warsaw, Poland, 2Damietta University, Egypt
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In 2017 we proposed a mathematical model of decision making based on the population
approach with discrete time delays included into the terms describing the self-inhibition of
neuronal populations (meaning coming back to their background activity after a stimulus);
cf. [1]. Introducing delays we were able to reproduce impairments in decision-making
which we associated with ageing. From analytical point of view it is related to Hopf
bifurcation appearance for some critical values of the delays. Using the same mathematical
structure in [2], we studied ambivalence in decision making validating the model with some
experiment on semantic priming in perception of ambivalent faces (male vs female).

In reality, discrete delays can only be treated as approximation to reflect the average
influence of history on system dynamics. Therefore, in the present work we consider this
neuronal population model with distributed delays,

ṙ1(t) = I1−
∫ ∞

0

k1(s)r1(t−s)ds+εf
(
r1(t)r2(t)

)
r2(t), ṙ2(t) = I2−

∫ ∞
0

k2(s)r2(t−s)ds+εf
(
r1(t)r2(t)

)
r1(t),

where rj , j = 1, 2, are firing rates of two interconnected self-inhibiting neuronal populations,
Ij are external inputs (and, for the purposes of the model analysis we assume I1 =

I2 = const.), ε is a parameter, f characterizes interactions between considered neuronal
populations and kj(t) are delay distributions with 0 ≤

∫∞
0 skj(s)ds <∞ and

∫∞
0 kj(s)ds =

1.

Analyzing the proposed model we have focused on the stability of existing steady states
as the possibility of stability switches and, in consequence Hopf bifurcation with respect
to delays was considered as crucial for ambivalence [2] or impairments [1] in decision
making.

Let (r̄ , r̄) be an arbitrary steady state of the system under consideration (for I1 = I2 the
system is symmetric and both coordinates of any steady state are the same). We have
found some general conditions under which the steady state is unstable independently
on the distributions kj , while under some reasonable assumptions on the distributions,
namely for kj of class C2 with k ′′j ≤ 0, k ′j ≥ 0, kj and k ′j tending to 0 in ∞ we are able to
prove stability of the steady state.

Next, we have obtained conditions guaranteeing lack of stability switches in the case
when one of the populations act instantaneously and the other is delayed. Our general
analytical results have been refined for several cases of Erlang kernels which have also been
used to illustrate possible stability switches for the model parameters and the function
f (x) = x2

1+x2 used in the previous articles [1, 2].
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A game-theoretical description of defense and counter defense in
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A host-pathogen interaction consists of an attack by the pathogen, often accompanied
by a defense by the host and possibly also a counter-defense by the pathogen. Here,
we present a game-theoretical view of host-pathogen interactions. We consider a game
where the host and pathogen are players and defense or counter-defense are taken as their
strategies. Specifically, the host can decide whether or not to produce a toxin to protect
against the pathogen’s attack. On the other hand, the pathogen can choose between two
strategies to counteract the host’s defense: producing or not producing an enzyme that
degrades the toxin. We consider that the host and pathogen must also incur a cost for
toxin or enzyme production. We consider both the sequential and non-sequential versions
of the game and determine the Nash equilibria. For the former version, we use the game
tree method.

Our work reveals that a paradox occurs in this interplay: If the inactivating enzyme is
very efficient, the toxin becomes useless. If the toxin is no longer produced, the enzyme
becomes useless, so that production of the toxin becomes useful again. The question
arises: does this lead to an oscillatory change in strategies or instead to a steady state
that is attained as a sort of compromise, in which both species produce an optimal
amount of defense chemical and enzyme, respectively? We tackle that question using
payoff matrices with three strategies: no, partial and full (counter-)defense, which gives
the payoff values for them by choosing the corresponding strategies. Under certain
conditions, we obtain ‘partial (counter-)defense’ strategies as Nash equilibria in this game,
implying that producing a moderate amount of toxin and enzyme is the best choice for
the organisms.
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Chaos and Lévy walks in swarming bacteria

Gil Ariel [arielg@math.biu.ac.il]
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Bacterial swarming is a collective mode of motion in which cells migrate rapidly over
surfaces en mass. Swarming is typically characterized by densely packed groups moving
in irregular, yet coherent patterns of whirls and flows. Recent experiments showed that
swarming bacteria are performing super-diffusion that is consistent with a Lévy walk
[1]. Motivated by these experiments, we present a simple ODE model describing an
infinitesimal spheroidal, self-propelled particle, moving in the effective, vortex-like flow
generated by all other bacteria [2]. The model presents a new mechanism for Lévy walks
in chaotic maps that are reversible but not volume preserving [3].

Joint work with Avraham Be’er (Ben-Gurion University, Israel), Andy Reynolds (Rotham-
sted Research, UK) and Jeremy Schiff (Bar-Ilan University, Israel).
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Evolution of dispersal under spatiotemporal heterogeneity
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Dispersal is one of the fundamental life-history strategies of organisms, so understanding
the selective forces shaping the dispersal traits is important. Here I present our recent
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results on dispersal evolution in two models. We model spatial heterogeneity so that
patches may receive different amounts of immigrants, foster different number of individuals
and give different reproduction efficiency to individuals therein.

The first model is a spatially heterogeneous Wright’s island model we investigated in a
recent article [1]. We obtained an analytical expression for the fitness gradient, which
shows that directional selection consists of three components: direct cost of dispersal
selects against dispersal and kin competition promotes dispersal. The new component,
spatial heterogeneity, more precisely the variance of so-called relative reproductive potential,
tends to select against dispersal.

The second model includes spatiotemporal heterogeneity, so that the patch quality may
change randomly. For simplicity, local populations are assumed to be large, so that
kin selection is absent. We observe that temporal heterogeneity promotes dispersal, as
the singular dispersal strategy decreases when autocorrelation is increased. In contrast
with the first model, we observe that in the second model spatial heterogeneity actually
promotes dispersal. Temporal heterogeneity thus dramatically changes the qualitative
effect of spatial heterogeneity on dispersal evolution.
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Weak selection and the separation of eco-evo time scales using per-
turbation analysis
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We show that under the assumption of weak frequency-dependent selection a wide class
of population dynamical models can be analysed using perturbation theory. The inner
solution corresponds to the ecological dynamics, where to zeroth order, the genotype
frequencies remain constant. The outer solution provides the evolutionary dynamics and
corresponds, to zeroth order, to a generalisation of the replicator equation. We apply this
method to a model of public goods dynamics and construct, using matched asymptotic
expansions, a composite solution valid for all times. We also analyse a Lotka-Volterra
model of predator competition and show that to zeroth order the fraction of wild-type
predators follows a replicator equation with a constant selection coefficient given by the
predator death rate. For both models we investigate how the error between approximate
solutions and the solution to the full model depend on the order of the approximation,
and show using numerical comparison, for k = 1 and 2, that the error scales according to
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εk+1, where ε is the strength of selection and k is the order of the approximation.

The general labelled partitioning process in action: recombination,
selection, mutation, and more

Frederic Alberti [falberti@math.uni-bielefeld.de]

Bielefeld University, Germany

The investigation of mathematical models that describe the interplay of genetic recom-
bination with other forces of evolution such as selection and/or mutation is among the
major challenges of mathematical population genetics. In particular, the deterministic
selection-recombination equation, a high-dimensional system of nonlinear differential
equations, has defied all attempts at its solution for about half a decade.

Recently, we solved this equation in the special case of a single selected locus linked to an
arbitrary number of neutral loci, and single-crossover recombination [1]. The key to our
solution is a connection (via a duality of Markov processes) between the solution of the
selection-recombination equation, forward in time, and a stochastic process that describes
the random evolution of the genealogy of a sample, backward in time. This process
is derived from the ancestral selection-recombination graph, which in turn combines
the ancestral selection graph introduced by Krone and Neuhauser with the ancestral
recombination graph. Ultimately, this led to an explicit representation of the solution in
terms of iterated integrals.

This contribution complements our aforementioned work [1] by exploring the interac-
tion between recombination and additional evolutionary forces in a more general setting.
We will see that, under certain natural assumptions, the genealogy of a sample can be
described as a partitioning process whose blocks carry independent Markovian labels.
Intuitively speaking, the partitioning process describes the fragmentation of the genetic
material of an individual across its ancestors, while the Markovian labels encode the
evolution under the additional evolutionary forces. On the one hand, this deepens our
insight into the mathematical structure underlying our results in [1] and on the other, it
allows us to construct explicit solutions for a wider class of models. We will illustrate
these ideas with the example of the selection-mutation-recombination equation.
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Multi-type branching processes to study cell proliferation and death
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We propose a mathematical model of cell proliferation and death where cellular fate,
either division or apoptosis, is decided at birth. A population of cells is divided into two
compartments: cells whose fate is division and individuals that are going to die. When a
division occurs, daughter cells join the division compartment with probability p1, enter the
apoptosis pool with probability p2 and have different fates with probability p3 = 1−p1−p2.
After this cellular fate decision at birth, cellular fate takes some random time to happen.
We consider the exponential and the Erlang probability distributions to model cellular
time to division and death. The resulting dynamics is a two-type branching process. The
probability generating function of the number of cells of each type is derived when working
with exponential times, whereas the expected number of cells over time is computed
under the assumption of Erlang times to division and death. In our model, the population
dynamics timescales are separated from the cellular fate probabilities, and the long-time
behaviour of the system. Moreover, we show how our model can account for siblings fate
correlation typically arising in immune cell dynamics [1,2].
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Bacterial quorum sensing in spatio-temporally heterogeneous envi-
ronments

Philip Pearce, Mohit Dalwadi [philip.pearce@ucl.ac.uk]

University College London, UK

Bacteria use intercellular signaling, or quorum sensing (QS), to share information and
respond collectively to aspects of their surroundings. The autoinducers that carry this
information are exposed to the external environment. Consequently, they are affected by
factors such as interference by other species, and removal through fluid flow, a ubiquitous
feature of bacterial habitats ranging from the gut and lungs to lakes and oceans. Here, we
develop and apply a general theory that identifies the conditions required for QS activation
in spatio-temporally heterogeneous environments by linking cell- and population-level
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genetic and physical processes. We predict that cell-level positive feedback promotes
a robust collective response by overcoming autoinducer concentration gradients. By
accounting for dynamic effects in our theory, we predict that positive feedback in cells acts
as a low-pass filter at the population level in e.g. oscillatory flows, allowing a population
to respond only to changing conditions that occur over slow enough timescales. Our
theory is readily extendable, and provides a framework for assessing the functional roles
of diverse QS network architectures in realistic conditions.
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Stochastic modelling of agent-based population

Francesco Puccioni, Philipp Thomas [f.puccioni20@imperial.ac.uk]
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Quantifying cellular growth is crucial to understanding the dynamics of cell populations
such as microbes and cancer cells. The standard behaviour of batch cultures is well
known and it is usually characterised by a delay before the start of exponential growth, an
exponential phase, and a steady phase; however, at the single-cell level, growth varies
drastically from cell to cell due to the fluctuations in the cell cycle duration, variability
caused by changing environments, and cells interactions.

At the present time, understanding how the the cell-to-cell variability affects the evolution
of the entire population is still a open challenge; de facto, there are still lacking solid
theoretical and simulation methods to forecast the effects of cell heterogeneity on the
population dynamics.

We propose a novel stochastic model where the cells are represented by agents who divide,
die, convert to other species, rejuvenate in response to an internal continuous state which
increases with time. While such models are usually only amenable to simulations, we show
that the population structure can be characterized by a functional master equation which
can be manipulated to obtain a novel integral renewal equation.

Compared to the classic results about renewal theory, as the Bellman Harris branching
process, the latter equation takes a step further. In fact, it provides a solid and compact
stochastic description of the role played by cell heterogeneity on the population dynamics.

The analytical framework allowed us to fully describe the population size distribution,
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population growth rate, ancestor and division times distributions. Moreover, we provide an
analytical and numerical characterization of the extinction probability and first extinction
times distribution for any cell-to-cell heterogeneity range. We also propose a novel way
to simulate the evolution of cell populations affected by the variability of the individuals.
Such computational tool allowed us to substantiate the analytical and numerical results
obtained during this research project.

In conclusion, the following research project proposes a novel methodology to describe
the stochastic behaviour of cell structured population with numerical, computational and
analytical methods. Our results open a new theoretical path to understanding stochastic
mechanisms underlying fluctuations in various biological and medical applications as:
extinction of cancer cell populations under treatment, cell population growth in adverse
environments, dormancy-awakening transition in breast cancer and microbial quiescence.

Modelling interactions between host and gut microbiota

Marie Haghebaert, Béatrice Laroche [Université Paris-Saclay, INRAE, MaIAGE,
Jouy-en-Josas, France]

marie.haghebaert@inrae.fr

Intestinal host-microbiota interactions form a symbiosys mainly regulated at the intestinal
crypt level. These crosstalks play a major role in ensuring health of the host. Modelling
these interactions is a further step to understand the behaviour of this ecosystem and
determine whether healthy states can be recovered after a deterioration of the host-
microbiota symbiosys. Using a crypt model structured in space and cell types proposed
in [1], we added new components such as inflammatory response at the epithelial cells
scale, mucus production and degradation as well as the presence of different bacterial
families (strict or facultative anaerobic, mucus degrader, pathobiont) inspired from [2].
We investigate if this model is able to simulate switches from healthy host-microbiota
interactions to chronic inflammation.
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Avoiding extinction or maximising growth? The impact of treatment
on trait trajectories in evolving populations

Michael Raatz, Arne Traulsen [mraatz@evolbio.mpg.de]
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Populations of microbial pathogens or cancer cells possess enormous adaptive potential.
Such adaptations regularly lead to the failure of treatment, with drastic consequences for
individual and public health. From a reductionistic viewpoint, the fundamental processes
in such microbial populations are replication, mutation and death. Characterizing these
processes by traits allows us to understand adaptation as an uphill walk on a fitness
landscape spanned by replication rate and death rate, with mutation rate dictating the
walking speed in this picture. Different treatment types exist to tamper with any of these
fundamental processes. How such treatment types affect the trajectory of adaptation in
trait space is not clear. In this contribution, I will tackle this question and present i) which
exact trajectory a population takes in a trait space spanned by replication rate and death
rate, ii) how this trajectory is affected by treatment, and iii) how treatments that target
either the population size via bottlenecking or the traits via static and toxic drugs differ.
Further, I will discuss the fitness gradient(s) that prescribe the adaptation and show that
the information on such fitness gradients can guide effective treatment strategies.

Mathematical explanation of hyperpredation between invasive East-
ern cottontail and native European hare

Ezio Venturino [ezio.venturino@unito.it]

Dipartimento di Matematica “Giuseppe Peano”, Università di Torino, Italy

Introduced species hinder or damage native ones through various mechanisms, such as
competition, predation, hybridization, the transmission of disease. The IUCN 2020 contais
a complete list of interaction mechanisms [3]. The intermingling of species at the same
trophic level, harmful for one of them, is named competition and can be direct or indirect.
The former is characterized either by interference of one species on the behavior of
another one, or by exploitation, when the negative outcomes arise by the use of a common
resource. A third type of competition is indirect, when species interfere with each other
via a common enemy, represented by either a predator, or parasites, or pathogens.

We consider here a three-species ecosystem, composed by the red fox, Vulpes vulpes,
predating both on the native European hare Lepus europaeus and on the invasive Eastern
cottontail Sylvilagus floridanus, [1]. The latter is a native American lagomorph, imported
for hunting purposes in Italy in the 1960s and then spreading throughout Central and
Northern Italy, competing with the autoctonous European hare.

In [2] an apparent competition between these two lagomorphs through the predation
activities of foxes has been highlighted from field data. Large foxes populations are
positively correlated with large hares populations, if cottontails numbers are low. This
may be related to external factors influences, e.g. resting sites quality. But when the
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cottontails abound, larger foxes populations are negatively correlated with the size of
European hares populations, shown in Fig. 2 of [2], indicating that foxes cause an indirect
competition among the lagomorphs. Two hypotheses can be made as an explanation. A
large number of cottontails would increase the fox population, so that their predatory
impact (“hyperpredation”) on hares also grows. Alternatively, foxes are attracted into
places occupied by cottontails, that are also habitats for hares, for which foxes predate
hares at higher rates.

We introduce a mathematical model to investigate this situation. Its simulation results
suggest the hyperpredation effect of larger fox populations on native hares [1] as an
interpretation.
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Wolbachia invasion in wild mosquito populations: a modeling frame-
work apt for different strains

Olga Vasilieva1, Jose Luis Orozco-Gonzales1, Claudia Pio Ferreira2, Daiver Cardona-
Salgado3, Lilian Sofia Sepulveda-Salcedo3 [olga.vasilieva@correounivalle.edu.co]

1Universidad del Valle, Cali, Colombia, 2Universidade Estadual Paulista, Botucatu, Brasil,
3Universidad Autonoma de Occidente, Cali, Colombia

Laboratory experiments have evinced that the presence of endosymbiotic bacterium Wol-
bachia in the cells of Aedes aegypti mosquitoes drastically reduces the vector competence
of females that are the primary transmitters of different vector-borne viral infections, such
as yellow fever, dengue, Chikungunya, and Zika. However, the reduction of vector compe-
tence and virus inhibition by Wolbachia have been proved strain-dependent, according to
recent studies.

Currently, several Wolbachia strains (such as wMel, wMelPop, wAlbB, and wAu) are
being tested for control of Aedes-borne diseases. Notably, these strains possess different
capacities for virus blockage inside the mosquito’s cells, induce different levels of fitness
loss in the insect hosts, and exhibit different degrees of vulnerability to thermal stress.
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The latter may also lead to imperfect maternal transmission of this symbiotic bacterium
and alter the mechanism of cytoplasmic incompatibility.

In this presentation, we propose a population dynamics modeling framework for replicating
the key features induced by different Wolbachia strains. Depending on the strain, the
model exhibits rich dynamic behavior that varies between the coexistence of wild and
Wolbachia-infected insects and the persistence of only one mosquito group (competitive
exclusion). Therefore, the proposed modeling framework helps assess the key metrics of
Wolbachia-based biocontrol and compare the performance of different Wolbachia strains.

This research is supported by Minciencias, Colombia (Contracts 80740-439-2020, 80740-
224-2021) and FAPESP, Brazil (Contract 2020/10964-0).

Growth arrest in bacterial biofilms: the pros and cons of self-starvation

F.A. Davidson1, A. Arnouteli1, D. Matoz-Fernandez1,2, N.R. Stanley-Wall1 [f.a.davidson@dundee.ac.uk]

University of Dundee, UK, 2Currently University of Warsaw, Poland

Biofilms are social communities of microbial cells that underpin diverse processes including
sewage bioremediation, plant growth promotion and plant protection, chronic infections
and industrial biofouling. Biofilms are hallmarked by the production of an extracellular
polymeric matrix. One of the phenotypic consequences of biofilm formation is that resident
microbes are highly resistant to physical stresses and antimicrobial agents. Understanding
the processes that underpin the mechanism of biofilm formation, dispersal, and inhibition
is therefore critical to allow exploitation and to understand how microbes thrive in
the environment. Here, we discuss how a multidisciplinary approach that combined
mathematical modelling and laboratory experiments revealed that the formation of an
extracellular iron chelate by the soil borne bacterium Bacillus subtilis restricts the expansion
of its own biofilm. We propose that the transition to a nonexpanding phase constitutes
a distinct step in the process of biofilm development. The seemingly counterintuitive
self-restriction of growth led us to explore if there were any benefits associated with
this phase of growth. We discuss how these findings highlight the complex options and
outcomes that bacteria need to balance to modulate their local environment to maximize
colonization, and therefore survival.
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Collective beliefs and trust in structured populations
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Collective beliefs can catalyse cooperation in a population of selfish individuals. This
effect is present even when the stories that constitute the belief lack any moralising
aspect. The sole fact of altering one’s perception of reality can provoke the development
of cooperative behaviour. However, human populations are structured. Social and cultural
identities often bias the network of interactions. Hence, we further develop this model by
applying the setup assuming a heterogeneous group size and structured population. The
person perpetuating a belief might have different degrees of connectedness. We aim to
understand the speed at which trust builds in a network when the myth originator has low
or high connectedness and depending on clustering level of the population.

A belief frequently involves a complex system of stories. It is unlikely to appear in society
spontaneously in the same way as actions can change within a generation. Consequently,
we assume that actions and beliefs spread at different rates.

The project will explore the probability, time and the dynamics of the spread of trust
and beliefs on specific network structures such as a scale free Barabási–Albert network
and a small world Watts–Strogatz network. Comparing these properties across a variety
of network structures will allow us to disentangle the effect of the structure, group size
diversity and the evolutionary process itself on the evolution of trust and belief.
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An infinite sites model for polygenic adaptation in finite populations

Hannah Götsch1,2,3, Reinhard Bürger1 [hannah.goetsch@univie.ac.at]

1Faculty of Mathematics, University of Vienna, Austria, 2Vienna Graduate School of
Population Genetics, Austria, 3Vienna School of Mathematics, Austria

In the early phase of adaptation, the evolution of gene frequencies will be mainly driven
by directional selection. Although diffusion theory leads to simple expressions for many
quantities such as fixation probabilities and times, time-dependent results seem to be
out of reach. Moreover, conditioned on non-extinction until the time of observation, the
mutant population grows faster than predicted by the corresponding deterministic model.
Our main goal is to explore how adaptation of an additive trait in a panmictic population
of finite size depends on the allele-frequency dynamics at the contributing loci.
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The evolution of the distribution of the number of mutants at one locus can be described
accurately by the deterministic increase from a larger effective initial mutant population
size, which is a random variable that describes the stochasticity that has accumulated
during the initial spread of the mutant. We derived this concept quite generally with the
help of a slightly supercritical Galton-Watson process, which allows for various offspring
distributions. Then, we extended the analysis to an infinite-sites model with unlinked
loci (sites) to describe the model for the quantitative trait. We present accurate and
computationally tractable approximations for the evolution of the mutant-frequency
distributions, of the phenotypic mean, of the phenotypic variance and of the number of
segregating sites in a finite population. Analytic approximations for a Poisson mutant-
offspring-distribution were tested by comprehensive simulations based on a Wright-Fisher
model. Although our model has been designed for the initial phase of adaptation, it refines
classical results for the stationary phase under long-term selection, where the phenotypic
variance has been stabilized.

As an application, we explored when the response of the trait is mainly caused by selective
sweeps at few loci and when it is due to subtle allele-frequency shifts at many loci. We
found that the selection strength determines primarily the rate of adaptation. The central
parameter determining the relative importance of sweeps vs. shifts is the population-wide
mutation rate. However, unequal mutational effects of different loci blur this distinction,
and intermediate patterns occur in a wider parameter range if mutational effects have
large variance.

Quantifying stress-induced mutagenesis using fluctuation assays

Lucy Lansch-Justen, Meriem El Karoui, Helen Alexander [l.lansch-
justen@sms.ed.ac.uk]

University of Edinburgh, UK

Bacteria are commonly exposed to low concentrations of antibiotics which selects for
resistance mutations but also induces stress responses in bacteria. Some of these
responses increase the mutation rate, called stress-induced mutagenesis, which potentially
facilitates the evolution of antibiotic resistance. However, besides the mutation rate,
stress responses also alter other cellular properties like death or division rate and are often
heterogeneously expressed across a population. Therefore, stress responses influence the
whole population dynamic and it is unclear whether they actually result in more or fewer
resistant mutants. Moreover, stress responses affect mutation rate estimates via the
standard lab approach of fluctuation assays because assumptions underlying the inference
are not met. Current methods are only able to estimate the mean mutation rate in the
population and potentially produce inaccurate estimates under stressful conditions. We
describe a population dynamic model which includes bacterial stress responses and is
informed by recent single-cell data. Based on this model, we develop a computational
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method for inferring mutation rates under stress. Using simulations, we perform robustness
and sensitivity analysis and find that our derived analytical approximation for the mutant
count distribution fits the simulated data. In particular, our inference method allows for
estimation of the distinct mutation rate of cells with a high stress response level. This
is important in the context of resistance evolution because theoretical work suggests
that having a subpopulation with an increased mutation rate can speed up multi-locus
adaptation relative to a homogeneous population with the same mean mutation rate.

Modelling the influence of root-oriented preferential flow and root
architectural traits on drought resistance in plants

Andrew Mair1, Mariya Ptashnyk2, Lionel Dupuy3 [adm13@hw.ac.uk]

1The Maxwell Institute for Mathematical Sciences, Edinburgh, UK, 2Heriot-Watt Uni-
versity, Department of Mathematical and Computer Sciences, Edinburgh, UK, 3Neiker,
Department of Conservation of Natural Resources, Bilbao, Spain

There exists evidence to suggest that the preferential flow of water through a vegetated
soil (PF) can be attributed to the architectural traits of the present plant root system.
These traits, and the PF patterns they induce, may affect a plant’s capacity to retain
water in the soil around its roots, and hence survive periods of drought. Due to this,
investigations into which root system traits induce desirable PF patterns, and improve
drought resistance, are valuable to decision makers in agriculture and land management.

By modifying Richards equation we developed a novel model for water transport through
soil which incorporates root-oriented PF. The finite-element method was used to obtain
numerical simulations from our model equation, and we developed a Bayesian optimisation
algorithm to calibrate the model against empirical data. We then used simulations from
the model to assess the capacity of several root systems, which induced varying degrees
of PF or exhibited different architectural traits, to mitigate water loss from the rooted
zone and maximise water uptake.

When modifying the level of PF induced by a root system, our simulations revealed a
trade off between water losses from evaporation and deep percolation. When keeping the
level of induced PF constant, but altering architectural traits, root systems with reduced
gravitropism displayed an enhanced capacity to retain water in the surrounding soil and
maximise uptake efficiency.

This work shows that the architecture of root systems can be used to modify the flow of
water through soil and limit losses by evaporation and deep percolation. In the future,
such knowledge will help identify genotypes that are more efficient at utilising water from
rainfall and irrigation.
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Evolution of hosts and their sexually transmitted pathogens (talk)
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Models developed to describe dynamics of sexually transmitted infections (STIs) rarely
account for mating dynamics. However, since mating mediates both host reproduction
and pathogen transmission, these two processes should be modelled on a common and
consistent basis. This talk will start with presenting a framework for modelling STIs when
mating is considered explicitly. STIs are known to predominantly reduce host fecundity,
which may free some resources of the host otherwise used for reproduction and divert
them to host maintenance and potentially a longer life. I will go on to look at evolution
of virulence in STIs under such fecundity-longevity trade-offs. Also, sexually transmitted
pathogens may manipulate the infected hosts to look more attractive, while the susceptible
hosts may purposefully avoid the infected ones. In the final part of the talk, I will consider
evolution of infection avoidance in hosts affected by STIs.
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Regulation of stem cell dynamics through volume exclusion
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Maintenance and regeneration of adult tissues rely on the self-renewal of stem cells.
Enabling regeneration without over-proliferation requires precise regulation of the stem
cell proliferation and differentiation rates. The nature of such regulatory mechanisms in
different tissues, and how to incorporate them in models of stem cell population dynamics,
is incompletely understood. The critical birth-death (CBD) process is widely used to
model stem cell populations, capturing key phenomena, such as population asymmetry
and scaling laws in clone size distributions. However, the CBD process neglects regulatory
mechanisms. Here, we propose the birth-death process with volume exclusion (vBD),
a variation of the birth-death process that takes into account crowding effects, such
as may arise due to limited space in a stem cell niche. While the deterministic rate
equations predict a single non-trivial attracting steady state, the master equation predicts
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extinction and a transient distribution of stem cell numbers that can be bimodal. We
investigate the accuracy of the system-size expansion (including finite size corrections
to the linear-noise approximation), the quasi-steady state approximation, and the WKB
method to approximate the probability distribution solution of the vBD master equation,
as well as the mean extinction time. Our study suggests that the size distribution of a
stem cell population and its extinction dynamics bear signatures that may be useful to
detect negative feedback mediated via volume exclusion.

Bottlenecks and antibiotic resistance evolution:
stochastic modelling of experiments in bacteria

Ernesto Berríos-Caro1, Hildegard Uecker1, and Hinrich Schulenburg2,3 [berrios@evolbio.mpg.de]

1Stochastic Evolutionary Dynamics Group, Max Planck Institute for Evolutionary Biology,
Plön, Germany, 2 Antibiotic Resistance Group, Max Planck Institute for Evolutionary Biol-
ogy, Plön, Germany, 3 Evolutionary Ecology and Genetics, Christian-Albrechts-University
of Kiel, Kiel, Germany

Bacterial populations undergo several bottlenecks during infection of host populations,
imposed by the transmission of pathogens between hosts, an activated host immune
response, or the antibiotic treatment employed. Bottlenecks—drastic reductions in
bacterial population size—can increase the influence of random effects during bacterial
evolution, directly affecting the diversity of resistance alleles. Despite the relevance and
presence of bottlenecks in antibiotic resistance evolution, their effect, along with other
relevant factors (e.g., the strength of antibiotic-induced selection, competition, clonal
interference), has been largely ignored in the literature. Recent evolution experiments
[1] have demonstrated that bottleneck size and antibiotic–induced selection reproducibly
impact the evolutionary path to resistance in pathogenic Pseudomonas aeruginosa. In
particular, these experiments found that resistance is favoured—expectedly—under high
antibiotic selection and weak bottlenecks, but—unexpectedly—also under low antibiotic
selection and severe bottlenecks. In this talk, I will present progress made in the theoretical
modelling of these evolution experiments to explain their outcome. The model I will present
is based on a multi–type non–homogeneous birth–death–mutation process in continuous
time. This process follows a competitive multi–strain Lotka–Volterra model with Baranyi
growth. The model takes into account the lag phase experienced by the bacterial population
before entering the exponential growth phase and resource competition between strains.
Input parameters of the model are obtained from curve fittings of the experimental data,
including competition coefficients measured from competition experiments on each pair of
the strains at play. The theoretical predictions show good qualitative agreement with the
experimental observations, capturing well the dynamics of the relevant strains tracked in
the experiments. My study explores the effect of stochasticity in the model by conducting
stochastic simulations using the Lewis’ thinning algorithm. At the end of the talk, I will
discuss several model extensions that may inspire new experiments.
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Fluctuation spectra reveal hidden structures of ecological networks

Tim Rogers1, Yvonne Krumbeck1, Qian Yang1, George Constable2 [ma3tcr@bath.ac.uk]
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Understanding the relationship between complexity and stability in ecological networks
remains a key open question in complexity theory which has inspired a rich body of
work developed over more than fifty years. The vast majority of this theory addresses
asymptotic linear stability around equilibrium points, but the idea of ‘stability’ in fact
has other uses in the empirical ecological literature. The important notion of ‘temporal
stability’ describes the character of fluctuations in population dynamics, driven by intrinsic
or extrinsic noise. In this talk I will show how to apply tools from random matrix theory
to the problem of temporal stability, deriving analytical predictions for the fluctuation
spectra of complex ecological networks. The talk is based on our recent work [1] in which
we show that different network structures leave distinct signatures in the spectrum of
fluctuations, and demonstrate the application of our theory to the analysis of eco- logical
time-series data of plankton abundances.
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The Moran Model of population genetics:
a new link between forward-time and backward-time perspectives
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In the context of the Moran model of population genetics with two types, mutation, and
selection, two probabilistic tools have played a central role in recent studies: the killed
ancestral selection graph (kASG), which allows to understand the type of an individual at
present based on its potential ancestry, and the pruned lookdown ancestral selection graph
(pLD-ASG), which gives access to the ancestral types. These processes provide graphical
interpretations for two well-known recursions: the sampling recursion, which describes
the moments of the proportion of the unfit individuals at stationarity, and the Fearnhead
recursion, which describes the stationary distribution of the line-counting process of the
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pLD-ASG. While these two recursions have appeared unrelated so far, we now express the
solution of Fearnhead’s recursion in terms of the solution of the sampling recursions and
vice versa. The crucial idea is the decomposition of both the kASG and the pLD-ASG
into a family of elementary processes. This decomposition also leads to a graphical
interpretation of the connections between the recursions.

A trade-off between two tolerance strategies of the host leads to
evolutionary branching

Prerna Singh, Alex Best [psingh2@sheffield.ac.uk]

University of Sheffield, UK

There are crucial distinctions between tolerance to the effects of infection-induced deaths
(mortality tolerance) and tolerance to the parasite-induced reduction in the reproduction
of infected hosts (sterility tolerance). Theoretical studies have discussed the negative
correlation between tolerance and resistance mechanisms, but such a correlation within
different modes of tolerance is rarely looked upon. Here we consider a host population
subjected to a pathogen that adversely affects both aspects of the host’s fitness; fecundity
and mortality. We assume that the host responds by evolving tolerance to both forms
of parasitic impact and obeys a sterility-mortality tolerance trade-off. So, increasing
mortality tolerance comes at the cost of lowered sterility tolerance and vice versa.

We have extended a classic host-parasite SIR model and used adaptive dynamics framework
[3] to model the evolution of two forms of tolerance as host defense strategies. We found
that a trade-off between two tolerance strategies drives the host population to branch into
extreme dimorphic strains, i.e., branching occurs. As such, the strain in which infected
hosts are sterile but have low mortality can coexist with the strain in which infected hosts
are fully fertile and have a high mortality rate.

In this talk, I will discuss the conditions in which such a trade-off leads to the occurrence
of dimorphic strains and how evolution drives the patterns of disease prevalence in the
host population.
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Robust, Universal Tree Balance Indices
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Balance indices that quantify the symmetry of branching events and the compactness of
trees are widely used to compare evolutionary processes or tree-generating algorithms.
Yet existing indices are not defined for all rooted trees, are unreliable for comparing trees
with different numbers of leaves, and are sensitive to the presence or absence of rare types.
In this talk I will define a new class of robust, universal tree balance indices. These indices
take a form similar to Colless’ index but can account for population sizes, are defined
for trees with any degree distribution, and enable meaningful comparison of trees with
different numbers of leaves. For bifurcating and all other full m-ary cladograms (in which
every internal node has the same out-degree), one such Colless-like index is equivalent to
the normalised reciprocal of Sackin’s index. Hence we both unify and generalise the two
most popular existing tree balance indices. Our indices are intrinsically normalised and
can be computed in linear time. We conclude that these more widely applicable indices
have potential to supersede those in current use.

A model for the infection dynamics of a urinary catheter

Freya Bull, Chris Brackley, Rosalind Allen [freya.bull@ed.ac.uk]

University of Edinburgh, UK

Catheter associated urinary tract infections (CAUTI) constitute up to 40% of hospital
acquired infections, yet there is still limited understanding of how CAUTI develops.
We present a mathematical model for CAUTI, based on population dynamics and fluid
dynamics. Our model describes bacteria growing and colonising the extraluminal surface,
spreading into the bladder, growing there before being swept through the catheter lumen.
From this model, the rate of urine production by the kidneys emerges as a critical
parameter, governing a second-order phase transition. Low urine production rates give
rise to an infected bladder state, transitioning, as the rate increases, into a washed-out
state where the catheter can still be infected but there is no detectable growth within
the urine. This transition occurs at urine production rates close to the average urine
production in people of 1 mL min−1, suggesting that increasing fluid intake in patients
may have important therapeutic applications.
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Lines of descent in a Moran model with frequency-dependent selec-
tion and mutation

L. Esercito1, E. Baake1, S. Hummel2 [lesercito@techfak.uni-bielefeld.de]

1Bielefeld University, Germany, 2UC Berkeley, USA

Dealing with the interplay of mutation and selection is one of the important challenges
in population genetics. We consider two variants of the two-type Moran model with
mutation and frequency-dependent selection, namely a scheme with nonlinear dominance
(of the fit type) and another with what we name the fittest-type-wins scheme. We show
the equivalence of the two variants and pursue the latter for further analysis. In particular,
we trace the genealogy of a sample of individuals backward in time, via an appropriate
version of the so-called ancestral selection graph (ASG), originally introduced by Krone
and Neuhauser (1997). We use the information contained in mutation events to reduce
the ASG to the parts that are informative with respect to the type distribution of the
present population and their ancestors, respectively. This leads to the killed ASG and
the pruned lookdown ASG in this setting, which we use to derive representations for the
(factorial) moments of the type distribution and the ancestral type distribution; we do so
by connecting forward and backward graphical models via duality relationships. Finally,
we show how the results carry over to the diffusion limit.
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Multistability and time-periodic spatial pattern
in the cross-diffusion SKT model

Cinzia Soresina [cinzia.soresina@uni-graz.at]

Karl–Franzens Universität Graz

The Shigesada–Kawasaki–Teramoto model (SKT) was proposed to account for stable
inhomogeneous steady states exhibiting spatial segregation, which describes a situation
of coexistence of two competing species. Even though the reaction part does not present
the activator-inhibitor structure, the cross-diffusion terms are the key ingredient for the
appearance of spatial patterns. We provide a deeper understanding of the conditions
required on both the cross-diffusion and the reaction coefficients for non-homogeneous
steady states to exist, by combining a detailed linearised and weakly non-linear analysis
with advanced numerical bifurcation methods via the continuation software pde2path
[1,2]. We study the role of the additional cross-diffusion term in pattern formation,
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focusing on multistability regions and on the presence of time-periodic spatial patterns
appearing via Hopf bifurcation points [2]. Finally, we will also discuss some recent results
on cross-diffusion induced instability on networks [3].
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Impact of different destocking strategies on the resilience of dry
rangelands
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Half of the world’s livestock live in (semi-)arid regions, where an important proportion of
the population relies fully or partially on animal husbandry for survival. However, over-
grazing can lead to land degradation and subsequent socio-economic crises. Sustainable
management of dry rangeland requires suitable stocking strategies and has been the
subject of intense debate in the last decades.

Our goal is to understand how variations in stocking strategies affect the resilience
of a productive dry rangeland. We describe the rangeland dynamics through a simple
mathematical model consisting of a system of coupled ordinary differential equations. We
assume that the livestock density is limited by forage availability only, which is itself limited
by water availability. We model plant-plant facilitation and land degradation processes
typical of dryland as a strong Allee effect, leading to bistability between a vegetated and
a degraded state, even in the absence of herbivores. We study analytically the impact of
varying the stocking density and the destocking adaptivity on the resilience of a productive
system to the effects of drought, modelled as a sudden loss of vegetation.

The tractability of the model enables us to find theoretical insights on the impact of
changes along these two axes of variation in management by using dynamical systems
theory. Looking at how different measures of resilience are affected by variations in
management strategies, we find that:

1) Increasing the stocking density decreases the resilience, giving rise to an expected
trade-off between productivity and ecological resilience.
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2) There exists a maximal sustainable livestock density above which the system can
only be degraded. This animals carrying capacity is common to all strategies, as it
depends on biological factors only and not on management choices.

3) Higher adaptivity of the destocking rate to available forage makes the system more
resilient: the more adaptive a system is, the bigger the losses of vegetation it can
recover from, without affecting the long-term level of productivity.

The first two results emphasize the need for adapted dry rangeland management strategies,
in order to prevent irreversible land degradation resulting from the conflict between
profitability and sustainability. The third point offers a theoretical suggestion for such a
strategy as it shows that increased destocking adaptivity increases the resilience without
affecting the long-term stocking density goal.

Modelling the effect of ionic strength on bacterial adhesion in biofilm
formation

M.R. Mattei, J. Vincent, A. Tenore, L. Frunzo [mariarosaria.mattei@unina.it]

University of Naples Federico II, Naples, Italy

Mathematical modeling has been widely used to describe and study processes related to
biofilm formation and can provide useful insights into the biological and physical phenomena
regulating the biofilm lifecycle. A mathematical model describing the electrostatic and
steric influence of cationic species on biofilm formation, through the effect of ionic
strength on bacterial adhesion, is presented. The biofilm is modeled as a 1D free
boundary domain, and its evolution is governed by PDEs derived from mass balance
considerations. The initial attachment phase is modeled by considering a vanishing
initial value for the free boundary. The transition from planktonic to sessile lifestyle
is modeled by considering the attachment flux which depends on the planktonic cells
concentration within the bulk liquid and the attachment velocity. The latter is expressed
as a function of the total ionic strength reproducing the following behavior: low ionic
strength values facilitates bacterial attachment due to decreased electrostatic interactions,
conversely higher values induce steric repulsion and Lewis acid/base interactions which
are detrimental to bacterial attachment. The growth of the solid-phase components
is governed by non-linear hyperbolic PDEs and the substrates diffusion and reaction is
governed by non-linear parabolic PDEs. The model is applied to a specific case which
investigates the effect of ionic strength on L. Pneumophila adhesion on a drinking water
distribution system biofilm. The model takes into account the dynamics of bacterial
species and nutrients which are representative of this type of biofilm according to the
composition of the water and the ecology study reported in [1]. Given the ability of L.
Pneumophila to grow necrotrophically, this behavior is included in the model. Simulation
scenarios investigate:
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• the effect of the kinetic parameters introduced with the necrotrophic behavior;

• the influence of ionic strength on the first stage of the biofilm lifecycle through
bacterial attachment;

• the influence of nutrients variation on system dynamics.

All the numerical results show that the model is able to simulate the growth of such
biofilms in drinking water distribution systems accurately.
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A stochastic multiscale modelling framework for the evolution of
phenotype-structured cell populations

Konstantinos Alexiou [ka99@st-andrews.ac.uk]

University of St Andrews

In this talk, a stochastic multiscale modelling framework for the evolution of phenotype-
structured cell populations is presented. Here, cells are seen as individual agents subject to
cell transitions and cell to cell interactions, whose phenotype is controlled by a stochastic
intracellular biochemical reaction network. A suitable deterministic continuum limit of
this framework is provided, which comprises a non-local partial differential equation for
the cell population density function (i.e. the cell distribution over the space of phenotypic
states), whereby the terms capturing the effect of phenotypic changes at the cellular level
mirror the structural properties and the dynamics of the underlying molecular networks.
The main results of a systematic comparative study between this stochastic multiscale
modelling framework and its deterministic continuum counterpart are summarised, and
possible specific biological applications are discussed.

This is a joint work with Giorgos Minas (University of St Andrews) and Tommaso Lorenzi
(Politecnico di Torino).

Evolution of dispersal during range expansion: explicit long-time ap-
proximation of sexual species’ spatial trait distribution (talk)

Léonard Dekens1, Florian Lavigne2 [dekens@math.univ-lyon1.fr]

1University Claude Bernard Lyon 1, France, 2Université Paris-Saclay, France
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Our globalized transport and exchange network has shifted species range at a pace and a
magnitude that have hardly any historical comparison. The subsequent introduction of
invasive species into new territories poses a rapidly growing threat for conservation of
native species, which makes it even more important to correctly assess invasions’ speed.
Along some range expansions, individuals at the front display morphological changes which
enhance their dispersal capacities compared to individuals at the rear of the invasion, like
the notorious cane-toads in Australia, which have been developing longer and stronger legs
[1]. This phenomenon of spatial sorting due to the evolution of dispersal has been linked
to accelerating fronts. These are both crucial to quantify for conservation purposes and
stand in sharp contrast with the constant speed propagation encoded by classical reaction-
diffusion equations with a constant diffusion coefficient, like the archetypal Fisher-KPP
equation. The so-called cane toads equation, in which the space diffusion coefficient is
the trait under evolution, has been studied analytically by several works [2, 3]. These
have focused exclusively on asexual populations, where the evolution of dispersal is driven
by mutations modelled by a local and linear diffusive operator (in the trait space). Using
a methodology derived from geometric optics, introduced for reaction-diffusion by [4]
and characterizing the invasion front as the zero level set of a WKB ansatz, they showed
that the accelerating rate of the propagation is proportional to t3/2, where t denotes
the time. Recently, a simulation study for sexually reproducing populations, wherein the
transmission of the trait from parents to offspring is modelled by a non-local, non-linear
mixing operator (inspired by the infinitesimal model [5]), suggested that the acceleration
rate is significantly slower than for asexual populations (proportional to t5/4) [6]. However,
it does not offer any quantified reason as to why. In the paper on which I base this talk
[7], we go further than the precedent study for sexual populations and present an explicit
long-time approximation of the spatial distribution of the trait distribution, by solving
the asymptotic problem on the analogous WKB ansatz. This approximation gives access
to quantitative features of the front, like its position, the spreading rate and the mean
dispersal trait at the front, but also to the whole spatial distribution in the rear of the
invasion, which is an uncommon result in trait-structured reaction-diffusion equations. In
particular, we show that the spatial trait distribution behind the front is stationary with
a highly constrained variance, which highlights the role of the mixing trait inheritance
process in constraining the spatial sorting effect, thus slowing down the accelerating
front.
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Collective Navigation in Flowing Environments

Thomas Hodgson [t.m.hodgson@sms.ed.ac.uk]

Maxwell Institute for Mathematical Sciences, Heriot-Watt University, UK

Collective animal migrations are found across species, from the 71, 000km journey of
the Arctic Tern to the 44 million Red Crabs walking across Christmas Island. Despite
this, the navigation methods are not well understood. In particular, marine migrations
often occur in a complex flowing environment adding difficulty to the navigation and
communication for individuals. In this context, does the performance of a group depend
on an animal’s ability to filter out the effect of the flow on its neighbours’ headings?
Using a random-walk model of communication-based collective navigation, we show that
more information doesn’t always improve group success if individuals cannot follow others’
intended headings. This is then applied using animal and ocean flow data to show the
effect on performance in a real-word setting. This is joint work with Stuart Johnston
(Melbourne), Michela Ottobre (Heriot-Watt) and Kevin Painter (Torino).
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Direct/indirect taxis and pattern formation in predator-prey mod-
els.

Dariusz Wrzosek [darekw@mimuw.edu.pl]

University of Warsaw

The talk is based on joint works with Purnedu Mishra from Faculty of Science and
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Technology, Norwegian University of Life Sciences.
In the context of diffusive predator-prey models we adhere to the following terminology :
- direct prey-taxis is a directed movement of predators toward the gradient of prey density,
- indirect prey-taxis is a directed movement of predator toward the density gradient of a
chemical released by prey,
- direct repulsive predator taxis is the directed movement of prey in the opposite direction
to the gradient of predator density,
- indirect repulsive predator taxis is a directed movement of prey in the opposite direction
to the density gradient of a chemical released by predator.

The indirect taxis (see e.g [4]) is related to a chemical signaling which is an ubiquitous
mechanism in nature used as means of inter and intraspecific communication. The ability
to detect specific chemicals (eg. pheromons, kairomons) enables prey to detect predators
and trigger anti-predator responses while in the case of predators it helps to direct prey
search [1]. The models with direct and indirect taxis with the same kinetic part turn
out to have significantly different properties especially when global-in-time existence of
solutions and pattern formation are concerned (see e.g. [2] [3]). We shall focus on the
following model (studied in [2]) which belongs to the class of pursuit-evasion models
appealing recently much attention. The model combines the (direct) prey taxis with
indirect predator taxis. Denoting the densities of the predator, prey and the chemical by
P,N,W : Ω× (0 ,∞) 7→ R, respectively, the model reads

Pt = dP∆P −∇ · ξ(P )P∇N + bF (N)P − δP − δ1P
2 ,

Nt = dN∆N +∇ · χN∇W − F (N)P + rN − r1N2 ,

Wt = dW∆W + γP − µW ,

defined in a bounded domain Ω ⊂ Rn with smooth boundary, supplemented with initial
and homogeneous Neumann boundary conditions. Here F is the functional response,
which describes the consumption rate. The W-equation describes the spread of the
signaling chemical which is released by the predator and ξ(P ) is a constant chemotactic
sensitivity or a suitably chosen decreasing function which accounts for interference between
predators pursuing the prey. The existence of global-in-time classical solutions studied
in [2] and most recent preprint depends on ranges of parameters and the dimension of
space n. Some numerical simulations indicate blow-up of solutions in finite time for
n = 2, other simulations exhibit prey’s tendency to separate in space and time away from
predators, by either avoiding areas inhabited by potential predators or using those areas at
different times than the predators. In some cases sufficiently large value of taxis sensitivity
parameter disturbs the stability of the coexistence constant steady state giving rise to
pattern formation governed by the Hopf bifurcation.
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Mathematical Oncology

A Mechanistic model of EGFR and ERK signaling reveals how al-
lostery and rewiring contribute to RAF and MEK inhibitor resistance

Fabian Fröhlich [fabian_froehlich@hms.harvard.edu]

Harvard Medical School, USA

BRAFV600E is prototypical of oncogenic mutations that can be targeted therapeutically
and treatment of BRAF-mutant melanomas with RAF and MEK inhibitors results in rapid
tumor regression. However, drug-induced rewiring causes BRAFV600E melanoma cells to
rapidly acquire a drug-adapted state. In patients this is thought to promote acquisition or
selection for resistance mutations and disease recurrence. In this study [1], we present
an energy-based implementation of ordinary differential equations in combination with
proteomic, transcriptomic and imaging data from melanoma cells, to model the precise
mechanisms responsible for adaptive rewiring. We demonstrate the presence of two
parallel MAPK (RAF-MEK-ERK kinase) reaction channels in BRAFV600E melanoma cells
that are differentially sensitive to RAF and MEK inhibitors. This arises from differences in
protein oligomerization and allosteric regulation induced by oncogenic mutations and drug
binding. As a result, the RAS-regulated MAPK channel can be active under conditions
in which the BRAFV600E-driven channel is fully inhibited. Causal tracing demonstrates
that this provides a sufficient quantitative explanation for initial and acquired responses
to multiple different RAF and MEK inhibitors individually and in combination.
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Mathematical, statistical, and experimental analysis of tumour spheroid
structure
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Tumour spheroids provide a realistic three-dimensional experimental model of avascular
tumour growth, playing a vital role in drug development and cancer therapy design.
Despite a relatively long history of mathematical models of tumour spheroids, models are
rarely validated against experimental data, and rarely applied to draw biological insight in
experimental studies. In this talk, we develop an experimental protocol in tandem with
a mathematical model to answer key questions relating to tumour spheroid growth. By
analysing the structure of several hundred spheroids using the canonical Greenspan model
[1] we show that spheroids initiated using significantly different numbers of cells grow
to similar limiting sizes, suggesting that avascular tumours have a limiting structure; in
agreement with the untested predictions of many other simple, classical mathematical
models of tumour spheroids [2,3]. I conclude the talk by discussing model selection in this
context, where the availability of data is limited and often constrains the level of detail in
corresponding mathematical models.
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On optimal temozolomide scheduling for slowly growing gliomas
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Temozolomide is an oral alkylating agent commonly used in low-grade gliomas, and as
the standard of care in the management of glioblastomas, due to its favorable toxicity
profile [1]. However, its moderate effect, together with the resistance induced by MGMT
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methylation status [2,3], have spurred the search for ways to increase the effect of this
drug. While there is plenty of research looking for better scheduling strategies, no rationale
has been found supporting alternative administrations. Based on temozolomide short
half-life, with the aim of depleting intracelular MGMT, dose-dense regimens have been
proposed and tested even in clinical trials [4], to no avail. In this work, we provide evidence
suggesting that protracted temozolomide therapy may be beneficial in terms of survival,
resistance and toxicity, even outperforming standard therapy schemes.

We conducted in-silico, in-vitro and in-vivo studies to find optimal drug schedules based in
long-cycle schemes outperforming standard ones in terms of survival, resistance and toxicity.
Agent-based mathematical models fed with either mouse or patient data were developed
for the in-silico studies [5]. The experimental test beds used to confirm the results were:
mouse glioma models obtained by retroviral expression of EGFR-wt/EGFR-vIII in primary
progenitors from p16/p19 ko mice and grown in-vitro and in-vivo in orthotopic allografts
[6], and human glioblastoma U251 cells immobilized in alginate microfibers. The patient
data used to parametrize the model were obtained from the TCGA/TCIA databases and
the TOG clinical study.

Slow-growth ’virtual’ murine gliomas benefited from increasing temozolomide dose separa-
tion in-silico. In line with the simulation results, improved survival, reduced toxicity, lower
expression of resistance factors and reduction of the tumor mesenchymal component
were observed in experimental models subject to long-cycle treatment, particularly in
slowly-growing tumors. Tissue analysis after long-cycle temozolomide treatments revealed
epigenetically-driven changes in tumor phenotype, which could explain the reduction in
glioma growth speed. In-silico trials provided support for implementation methods in
human patients.

In-silico, in-vitro and in-vivo studies show that temozolomide administration schedules
with increased time between doses may reduce toxicity, delay the appearance of resistances
and lead to survival benefits mediated by changes in the tumor phenotype in gliomas.
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An in silico model to study CAIX as a biomarker for immune check-
point inhibitor therapy
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Immune checkpoint inhibitors (ICIs) work spectacularly well for some patients, however,
they have low response rates. One of the least understood factors driving ICI resistance is
the immuno-suppressive tumor microenvironment (TME). Hence, we set out to evaluate
one of its components, the pH regulatory enzyme CAIX, as a predictive biomarker of
immune checkpoint inhibitor success.

To that end, we have developed a computational model of the TME, based on a well-
characterized model from a previous study [1]. The resulting hybrid model consists of
an agent-based model of tumor-immune cell interactions, coupled with a set of diffusion-
reaction equations describing substances present in the environment. The distinct model
parts are connected via tumor cell metabolism and the effects of the resulting acidosis
and nutrient scarcity on the immune response. The model is calibrated with data from
the literature.

The results from our in silico experiments are in line with findings from mouse tumor
models concerning tumor growth, immune infiltration, and TME adaptation in CA9
expressing vs CAIX KO tumors, reported in [2]. Furthermore, unlike in vivo experiments,
our model allowed us to study the distinct tumor and immune infiltrate compositions
between the tumor groups in depth. Finally, we compared the effectiveness of different
doses of anti-PD1 therapy in four heterogeneous tumor groups: with and without CAIX
and PD-L1 expression at the beginning of treatment.

Altogether, our results implicate that CAIX is a putable biomarker for immune checkpoint
inhibitor success, whereas a lack of PD-L1 expression at the treatment beginning should
not prevent patients with CAIX positive tumors from receiving this treatment. Furthermore,
this identifies CAIX as a promising target for combination therapy. In the future, our
model may be easily extended to incorporate more contributors to ICI resistance, and
when calibrated with tumor type-specific data, it may be used as a high-throughput tool
for testing biomarker combinations and combination therapy approaches.
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Tumor heterogeneity is an important driver of tumor recurrence, as treatments that initially
elicit clinical responses can select for drug-tolerant tumor subpopulations, leading to the
outgrowth of resistant clones and cancer treatment failure. Profiling the drug-response
heterogeneity of tumor samples using traditional genomic deconvolution methods has
yielded limited results, due in part to the imperfect mapping between genomic variation
and functional characteristics. Here, by introducing an underlying population dynamic
model of tumor subclonal response to therapy, we enable the phenotypic deconvolution
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of bulk drug response data into component subpopulations, and the estimation of their
differential drug sensitivities and population frequencies. We validate this method, called
PhenoPop, using simulated tumor drug screening data as well as measurements of drug
response in known mixture experiments of cancer cell lines. We then use this method to
profile the population drug response heterogeneity in multiple myeloma patient samples,
and demonstrate how these results can be used to produce personalized predictions of
tumor response to therapy. This methodology can be applied across cancer types and
therapies. Our study (available as preprint [1]) demonstrates how mechanistic population
modeling can be leveraged to develop statistical frameworks for profiling phenotypic
heterogeneity from bulk tumor samples and to perform individualized predictions of tumor
progression under treatment.
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Cancer is a prevalent disease, and while many significant advances have been made,
the ability to accurately predict how an individual tumor will grow – and ultimately
respond to therapy – remains limited. Tumor growth and invasion destroy the natural
biological architecture of cells organized in healthy tissues. Traditionally, signatures of
this morphological transformation have been investigated and quantified using spatial
statistics analyses. We develop a theoretical framework to connect spatial tissue analyses
with tumor growth and invasion. We exploit spatial-spectral analyses to connect the
morphological changes induced by the cancer growth, as observed in histopathological
tissue slides, to the parameters in the reaction-diffusion equation expressing the growth
and invasion. We compare power-spectral density from the data-deduced two-point
correlation function to the corresponding theoretical power distribution predicted by the
reaction-diffusion equation. We find that a histopathological slide, taken at a single
time-point – such as routinely collected from biopsies at cancer diagnosis – suffices to
interpret disease dynamics into the framework of the reaction-diffusion equation. This
novel approach may tackle both model-parameter-inference problems for tumor-infiltration
forecasting and tumor classification.

A mathematical study of the influence of hypoxia on tumour growth,
phenotypic heterogeneity and radiotherapy (talk)
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In the study of cancer evolution and radiotherapy treatments, scientific evidence shows
that a key dynamic lies in the tumor-abiotic-factors interaction. In particular, oxygen
concentration plays a central role in the determination of the phenotypic heterogeneity of
the cancer cell population, both from a qualitative and geometric point of view.

Hypoxia acts as an environmental stressor promoting the selection of aggressive phenotypes
and affecting therapeutic efficacy in a twofold way. On the one hand, selected cells are
characterized by high resistance to hostile environments, resulting in the ability to survive
in those areas in which the radiotherapy treatment is less effective because of the lack of
oxygen (oxygen is responsible for the enhancement of the detrimental effect of ionizing
radiation). On the other hand, selected cells present a low proliferative rate, thus being
less exposed to radiotherapy action, which acts damaging the DNA of cells involved in
the replication process.

In this talk, we present a continuous mathematical model to study the influence of hypoxia
on the evolutionary dynamics of cancer cells. The model is settled in the mathematical
framework of phenotype-structured population dynamics and it is formulated in terms
of systems of coupled non-linear integro-differential equations. We consider a four-
dimensional domain in which one dimension is dedicated to the time, two to the spatial
representation, and the other one features the phenotypic state related to the expression
of the hypoxia-resistance gene. Numerical simulations are performed using Galerkin
finite element methods, implemented in Python with FEniCS tool, with the aim to test
different vessel dispositions, allowing to represent various biological situations (without
the constraint of radial symmetry), such as cancer mass developing in well-oxygenated or
highly inhomogeneous tissues and tumor cords growing around single vessels.

Then, the effects of radiotherapy treatment are included in the model and numerical
simulations are driven to analyze the influence of the heterogeneity in oxygen concentration
and phenotypic distribution of cancer cells on the treatment effectiveness. Various thera-
peutical protocols, differentiated per doses and timing, are considered. The computational
outcomes show that the mutual interactions between the tumor mass and the oxygen
distribution can result in a geometric characterization of tumor niches differentiated
by phenotypic characteristics that determine a heterogeneous response to radiother-
apy. The analysis of the study results provides suggestions about possible therapeutic
strategies to optimize the radiotherapy protocol in light of the phenotypic and geometric
inhomogeneities of the tumor.
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The study constitutes the first step in the development of a mathematical tool for the
delineation of patient-specific protocols which, in the perspective of personalized medicine,
aim not only at the reduction (and in the best cases at the eradication) of the tumor
mass, but also at the optimization, in case of relapse, of the phenotypic composition of
the tumor so that resistance to subsequent treatments can be avoided as possible.
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Chronic Lymphocytic Leukemia (CLL) is a widespread form of cancer affecting B lympho-
cytes. The treatment of this disease has been recently revolutionized by the replacement
of immune-chemotherapies by targeted therapies. The Btk inhibitor ibrutinib has recently
been approved as a monotherapy in relapsed/refractory CLL. It impairs B-cell receptor
signalling, survival, and homing of leukemic cells, it purges these cells from the lymphoid
organs and induces cell death. However, important inter-patient variability in the redis-
tribution of the leukemic cells, the rate of leukemic cell elimination and the disparity of
relapses calls for an analysis of biological parameters influencing the dynamical behavior
of the leukemic cell population in individual patients.

We developed a mathematical model accounting for the physical and biological evolution
of CLL leukemic cells during ibrutinib therapy. We aim with this model at getting insight
into inter-patient variability and at predicting, at the start of the treatment, the clinical
outcome. In this presentation, we will introduce an ordinary differential equation-based
model of leukemic B cell and T cell dynamics in CLL patients treated with ibrutinib. In order
to account for inter-patient variability in cell count dynamics, parameter estimation will
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be performed with nonlinear mixed effect models, using Monolix software [1,2]. The idea
is to characterize the average behavior and to extract the patient-specific dynamics from
this behavior. The nonlinear mixed effect model was constructed with an automatic model
building method, SAMBA [3], that facilitates decision-making and allows to optimally
include correlation, covariates, and random effects. Parameter estimation was performed
on real medical data (CompuTreatCLL cohort). We will show that our approach manages
to discriminate the different responses to treatment based on very few parameters of the
mathematical model, and allows to characterize patient-speficic responses based on only
few early measurements.
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Besides unlimited growth, both genome instability/mutations as well as the activation of
invasion are defining characteristics of cancer [1]. However, in most mathematical models
only one of the two aspects is studied at a time, neglecting the complex interplay between
the spatio-temporal interactions and evolutionary dynamics. To fill this gap, we here
propose a cellular automaton model of individual cells that migrate, proliferate, and die.
These processes are controlled by a cell’s genotype which can be inherited or obtained via
mutations.

First, we assume that migration and proliferation are independent processes (“go-and-
grow”) and that the genotype determines the proliferation rate. We use a mean-field
approach to show that the system can be approximated by a differential equation that is
similar to the KPP-Fisher equation [2]. The go-and-grow dynamics leads to a propagating
wave of invading cells, where the wave speed increases over time and clones of cells
with higher proliferation rate appear preferably at the wave front. We also show that
the increase in average fitness over time is proportional to the variance in fitness in the
population and to the mutation rate, in agreement with Fisher’s fundamental theorem of
natural selection [3].
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Second, we consider the situation in which proliferation and migration are mutually exclusive
(“go-or-grow”) [4]. Cells switch between the proliferative and migratory phenotypes under
the influence of their microenvironment, which we incorporate as a dependence on the
local cell density. The genotype dictates the precise dependence of the switching behavior
(go-or-grow strategy). Starting from a genetically homogeneous population, we show
that the interplay of evolution and the spatio-temporal dynamics leads to the emergence
of two spatially separated cell populations with distinct genotypes that can be interpreted
as a benign and an invasive strategy. We predict these two optimal strategies using a
mean-field approximation of our cellular automaton model.

Our work identifies a mechanism for the emergence of genetic heterogeneity and progres-
sion to invasion in an initially homogeneous cancer cell population.
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Lifestyle factors such as diet, smoking, alcohol consumption, physical activity and sun
exposure are, among others, widely recognized as cancer risk factors. However, less is
known about the impact lifestyle factors have on cancer treatment responses. Aromatase
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inhibitor (AI) treatment for estrogen receptor positive breast cancer constitutes an
intriguing case in obese and postmenopausal patients that requires more quantitative
investigation. High body mass index and adiposity are known to have an impact on
estrogenic activity in patients receiving AI [1], suggesting a reduced treatment efficacy in
obese women. However, the puzzle is still unfinished and while higher AI doses or a switch
to antiestrogens like tamoxifen has been suggested for obese patients, no therapeutic
recommendations regarding endocrine therapy for obese patients with breast cancer are
well-established.

In this study, we first built an ordinary differential equation model based on mice experi-
ments fed with control and high-fat diet [2]. By solving optimal control problems, we
investigated optimal treatment scheduling for lean and obese mice. Secondly, we extended
the model and parameterised it with patient-specific data from the NEOLETEXE trial [3].
We used the model to shed light on the data. Model simulations allowed us to understand
the mechanisms behind the interactions of the involved cancer drugs with model variables.
Our results suggest that AI treatment for estrogen receptor positive breast cancer should
be considered individually based preferably on an assessment of diet components and
body mass index. The model will be fine-tuned using additional clinical and biochemical
datasets.
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Acute Lymphoblastic Leukaemia (ALL) is the most frequent paediatric cancer [1]. Modern
therapies have improved survival rates, but approximately 15-20 % of patients relapse.
At present, patients’ risk of relapse are assessed by projecting high-dimensional flow
cytometry data onto a subset of biomarkers and manually estimating the shape of this
reduced data [2]. In this talk, we apply methods from topological data analysis (TDA) [3],
which quantify shape in data via features such as connected components and loops, to
pre-treatment ALL datasets with known outcomes. We combine these fully unsupervised
analyses with machine learning to identify features in the pre-treatment data that are
prognostic for risk of relapse. In our work [4] we find significant topological differences
between relapsing and non-relapsing patients and confirm the predictive power of CD10,
CD20, CD38, and CD45. Further, we are able to use the TDA descriptors to predict
patients who relapsed. We propose three prognostic pipelines that readily extend to other
haematological malignancies.
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Introduction
Radiation therapy is the single most utilized therapeutic agent in oncology, yet in the
biology-driven medicine era, advances in radiation oncology have primarily focused on
improving physical dose properties. As a result, the field of radiation oncology currently
does not individualize radiation dose prescription based on the intrinsic biology of a
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patient’s tumor.

Methods
We develop a 3D multiscale agent-based model that simulates the interactions of cancer
cells with antitumor immune effector T-cells and immune-inhibitory suppressor cells. Each
cell is considered as an individual agent, and their behavior at any time is determined by
a stochastic decision-making process based on biological-driven mechanistic rules. The
absolute numbers of effector and suppressor immune cells in conjunction with the cancer
cell burden were used to define the tumor-immune ecosystem (TIES).

Results
Simulations of tumor growth in various TIES reveal that in our model, the tumor-immune
ecosystem yields 2 functional phenotypes: where tumors evade immune predation and
where tumors are eradicated by the immune system. We validate the model in 10,469
patients across 31 tumor types by demonstrating that clinically detected tumors have pro-
tumor TIES. We then quantify the likelihood that radiation induces antitumor TIES shifts
toward immune-mediated tumor elimination by developing the individual Radiation Immune
Score (iRIS). We show iRIS distribution across 31 tumor types is consistent with the
clinical effectiveness of radiotherapy, and in combination with a molecular radiosensitivity
index (RSI), combines to predict pan-cancer radiocurability. We show that iRIS correlates
with local control and survival in a separate cohort of 59 lung cancer patients treated with
radiation. In combination, iRIS and RSI predict radiation-induced TIES shifts in individual
patients and identify candidates for radiation de-escalation and treatment escalation.

Conclusion
This is the first clinically and biologically validated computational model to simulate
and predict pan-cancer response and outcomes via the perturbation of the TIES by
radiotherapy. This work was supported by the NIH/NCI 1U01CA244100
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With the advent of precision cancer medicine, a lot of focus is now on characterization
of genomic variations in each individual tumor instead of describing all cancers of the
same site under one umbrella. This has resulted in a fine-tuned prognostication of many
tumors by predicting the probable course of the disease based on each cancer’s molecular
signature. Yet, the threat of a relapse and a consequent treatment resistant runaway
disease loom in many cases. Tracing cellular lineages to elucidate clonal evolution has
revealed how tumors evolve in different evolutionary trajectories [1] and resistant clones
often appear due to excessive branching early in the disease and remain dormant only to
clonally fixate afterwards [2,3]. Multiregional sequencing has further revealed how the
genomic signature carries spatial stochasticity [4,5]. Disorganized genomic rearrangements
was theorized as ‘genome chaos’ [6]. Shifting our vision away from the deterministic
nature of Somatic Mutation Theory it is important to reconcile that cancer is not a
purely stochastic phenomenon, rather result of runaway dysregulations in a complex and
dynamic system. Generalized logistic model is a commonly used construct in simulating
spatially constricted growth of cancer cell populations. Simulations show that evolutionary
trajectories of cancers are highly dependent on how cell populations grow and how they
interact with the stromal boundary and just so it happens, logistic map produces chaotic
oscillation under certain growth parameters. We here probe the question whether the
logistic function as a mechanism for tumor growth can explain emergent diversity in clonal
geographies in tumorigenesis and if it invokes chaos.
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Even when primary cancer seems to be defeated, patients can remain in remission for up to
10 to 15 years before fatal metastases - often in the bone - appear. One explanation for this
is the dormancy of cancer cells. In the last years, computational and mathematical models
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have been used to investigate cancer cell dynamics. In this contribution we introduce
a novel computational approach that connects the development of bone metastases
originated in breast cancer with the bone remodeling (bone maintenance) process in its
microenvironment.

We implemented a 3D stochastic cellular automaton (SCA), where voxels interact only
with their nearest neighbors in a scaffold representing bone tissue. In order to simulate the
effect that bone remodeling (formation and resorption) has on the quiescent bone, the
update criterion of each simulation step makes use of methods borrowed from Evolutionary
Game Theory [1]. This method provides a compact representation of the interaction
between different states of the bone at the price of a relatively large number of parameters
that can be fitted by comparison with experimental in vivo data from a breast cancer
bone metastasis mouse model and healthy controls [2]. The simulation of metastatic
cancer cells then can be introduced to the SCA of bone remodeling in two possible ways:
(i) the cancer cells are introduced as an additional state of bone or (ii) the SCA of bone
remodeling is combined with an existing mathematical model of bone metastasis.

Our ultimate goal is to gain new insights in the interaction of growing bone metastases
with the process of bone remodeling in its microenvironment. This could lead to more
detailed predictions about progression of bone metastases and contribute to improved
therapy options.
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Chimeric antigen receptor (CAR) T-cell based immunotherapy has shown its potential in
treating blood cancers, and its application to solid tumors is currently being extensively
investigated [1]. For glioma brain tumors, various CAR T-cell targets include IL13Rα2,
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EGFRvIII, HER2, EphA2, GD2, B7-H3, and chlorotoxin. In this work, we are interested in
developing a mathematical model of IL13Rα2 targeting CAR T-cells [3] for treating glioma.
We focus on extending the work of Kuznetsov [2] et al. (1994) by considering binding
of multiple CAR T-cells to a single glioma cell, and the dynamics of these multi-cellular
conjugates. Our model more accurately describes experimentally observed CAR T-cell
killing assay data than a model which does not consider cell binding. Moreover, we derive
conditions in the CAR T-cell expansion rate that determines treatment success or failure.
Finally, we show that our model captures distinct CAR T-cell killing dynamics at low,
medium, and high antigen receptor densities in patient-derived brain tumor cells.
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Chimeric antigen receptor (CAR) T cell therapy is remarkably effective immunotherapy
that relies on in vivo expansion of engineered CAR T cells, after lymphodepletion (LD) by
chemotherapy. The quantitative laws underlying this expansion and subsequent tumor
eradication remain unknown. We develop a mathematical model of T cell–tumor cell
interactions and demonstrate that expansion can be explained by immune reconstitution
dynamics after LD and competition among T cells. CAR T cells rapidly grow and engage
tumor cells but experience an emerging growth rate dis- advantage compared to normal T
cells. Since tumor eradication is deterministically unstable in our model, we define cure as
a stochastic event, which, even when likely, can occur at variable times. However, we show
that variability in timing is largely determined by patient variability. While cure events
impacted by these fluctuations occur early and are narrowly distributed, progression events
occur late and are more widely distributed in time. We parameterized our model using
population-level CAR T cell and tumor data over time and compare our predictions with
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progression-free sur- vival rates. We find that therapy could be improved by optimizing
the tumor-killing rate and the CAR T cells’ ability to adapt, as quantified by their carrying
capacity. Our tumor extinction model can be leveraged to examine why therapy works in
some patients but not others, and to better understand the interplay of deterministic and
stochastic effects on outcomes. For example, our model implies that LD before a second
CAR T injection is necessary. Further, we seek to use these models to better predict
which patients might benefit from cellular therapy, especially in light of their intrinsic
tumor properties.
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Cancer is a multifaceted disease, with many unique drivers and varied pathophysiology.
Despite this complexity, all cancers have a common foundation – the abnormal and
malignant behavior of the body’s cells. Dynamical systems theory provides an excellent
framework for understanding the origins and ramifications of this abnormality. Distinct
cellular behaviors are a result of the stable dynamics of the complex molecular network that
makes up the cell, often simplified as the gene regulatory network (GRN)[1]. Structural or
functional changes to the GRN (e.g. mutations) can alter the dynamic landscape and force
cells into irregular states. Thus, cells can exhibit the pathological properties associated
with cancer: unchecked growth, immune evasion, and metastasis[2]. Understanding the
dynamical basis for cancerous behavior provides the mechanistic context behind the specific
molecular or cellular events that lead to cancer formation, progression, and resistance.

In this work, we focus on the dynamics underlying prostate cancer formation and progres-
sion. Prostate cancer is the second most common cancer among men worldwide, and yet
the primary means of treatment are limited to resection and androgen deprivation therapy,
for which resistance frequently develops[3,4]. In order to improve our understanding and
treatment of prostate cancer, we construct and analyze dynamic GRN models of prostate
cancer cells.
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We first infer Boolean network GRN models for both normal and cancerous cells, using
modules of genes identified through statistical analysis. We use single-cell transcriptomic
data for network inference to take advantage of the system-wide gene expression profiles
that reflect the heterogeneity in cellular states. For each disease stage, we then analyze
the structural and functional architecture of the network, including the attractor landscape.
By comparing these features between disease stages, we aim to characterize the changes
in the stable dynamics of the GRN that occur during the transition from normal to
metastatic tissue and to identify possible routes of transition to malignant behaviors.
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Bridging the gap between individual cell movement and macroscopic
cancer invasion models
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The processes of solid tumour growth and cancer invasion have been typically described
in the mathematical oncology literature using deterministic, macroscopic models. These
models also include interactions with the tumour microenvironment, leading to complex
mathematical descriptions. One of the key modelling premises is that the solid tumour is
comprised of a large number of cancer cells – indicatively around 109 cells in 1 cm3 of
tumour tissue. It is hence evident that a macroscopic description of the tumour is better
suited for mathematical—if not for biological—investigations.

On the other hand, the mathematical description of cancer cells migrating at the individual
cell level allows for a higher degree of biological realism [1], [3]. Consequently this
introduces a large system of (usually) stochastic differential equations that are neither
amenable to mathematical analysis nor straightforward computational simulation unlike
many macroscopic models. However, it is clear that constructing models that capture
the motion of individual cancer cells, directed by a drift force, that diffuse into their
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environment, will give a more accurate representation of their biological behaviour.

Nonetheless it is understood that these two mathematical descriptions should be inter-
changeable with intrinsically identifiable and correlated cell migration properties. Specifi-
cally, the advection and diffusion terms of the macroscopic description should be correlated
to the corresponding drift and diffusion terms of the stochastic description. It is essential
to understand these connections starting from either the macroscopic or the individual
level.

In this work we shed light on the relation between macroscopically described cancer
invasion models [2], [4] and the migratory properties of the individual cancer cells. We are
able to identify the stochastic migratory pattern of the individual cancer cells based on the
corresponding macroscopic equation and vice versa. We hence offer a bridge between the
two mathematical descriptions that allows us to scrutinise and accordingly improve the
biological tractability of the macroscopic cancer invasion models, and the mathematical
analysis at the individual cell level.
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From population-level descriptions to patient-specific predictions of
cancer survival: an in silico clinical trial

Daniel Glazar, Heiko Enderling [Daniel.Glazar@moffitt.org]

1Department of Integrated Mathematical Oncology, Moffitt Cancer Center & Research
Institute, USA

Background
Survival analysis is performed to estimate the probability of event-free survival over time for
a given population of interest. Such population-level analysis captures the heterogeneity
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of patient response to treatment. However, on a patient-specific level, prognosis is often
inaccurate and imprecise, which greatly affects treatment decisions and end-of-life plans.
Even when controlling for patient demographics and baseline disease characteristics,
these phenomena of heterogeneous survival and inaccurate and imprecise patient-specific
prognosis may remain. For example, patients with similar clinical presentations may have
drastically different disease dynamics. We hypothesize that considering these disease
dynamics will control for patient heterogeneity and provide more accurate and precise
patient-specific prognosis.

Methods
We developed a joint model of event-free survival and longitudinal tumor size. Event-free
survival was modeled using a proportional hazards model with treatment arm and tumor
size dynamics as covariates. Longitudinal tumor size was in turn modeled using a tumor
growth inhibition (TGI) model with mixed effects and treatment arm as a covariate. An
in silico trial of 200 cancer patients divided into two treatment arms was simulated with
tumor size observations sampled every 6 weeks. Model parameters were selected from
experience with glioma patient data. Then, with minimal assumptions regarding the
true model structure, model selection on a training cohort (N = 100) was performed
based on information criteria. Population parameters were calibrated using the stochastic
approximation of expectation-maximization (SAEM) algorithm implemented in Monolix.
This population-level information was then taken as a prior for predicting patient-specific
survival in real-time for the remaining testing cohort (N = 100) using Hamiltonian Monte
Carlo (HMC) simulations implemented in MATLAB. Predictive performance was evaluated
using time-dependent Brier score (BS) and area under the receiver operating characteristic
curve (AUC).

Results
The selected model was able to capture effects of treatment arm on both longitudinal
tumor size and survival as well as effects of tumor size dynamics on survival. Given just 2
or 3 observations, the selected and calibrated joint model was able to predict survival with
BS < 0.25 with a time horizon of 2 or 3 months, respectively. More than 3 observations
provided no improvement in time horizon. Across all landmark times and time horizon,
AUC > 0.6.

Conclusions
Considering disease dynamics controls for patient heterogeneity and provides accurate
and precise patient-specific prognosis on the order of months for the simulated in silico
trial. Future research directions include application to early phase clinical trials of rare
diseases with small sample size.

Computational model of cell cycle perturbations on adenocarcinoma
cell line exposed to X-rays radiation
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Colorectal cancer (CRC) is the second highest cause of cancer death [1], often treated
with surgery and ionising radiation (IR) as an adjuvant therapy. The use of in vitro and in
silico systems can help understand related pathways in controlled conditions, in order to
target CRC resistance to treatment. We previously studied the in vitro radiation-response
to X-rays of the Caco-2 cell line, derived from human colorectal adenocarcinoma [2],
yielding valuable pre-clinical data.
These data provided input to several versions of a computational model [3], which tracks
Caco-2 cell cycle transitions, tumour growth, and death rates after X-ray exposure up
to 10 Gy. The model is based on a deterministic compartmental system of Ordinary
Differential Equations (ODEs), that takes into account the four cycle phases as well as
dead cells and the number of cells in each compartment as a function of time. Parameters
describing the perturbed states provide quantitative information on the IR response.
Model parameters were adapted to replicate the experimental percentages of phases for
Caco-2 cells in various conditions acquired from flow cytometry data [2]. Independent
measurements of doubling time and DNA synthesis duration are also utilised to constrain
model parameters. The model can predict experimental growth curves for Caco-2 cells
exposed to irradiation in the dose range (2-10 Gy). Output parameters have biological
significance and can be used to quantify cell radio-resistance in the early response. In
perspective, this theoretical framework can be employed as a tool to improve the efficacy
of therapy for CRC.
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Modelling the evolutionary landscape of aneuploidy
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Aneuploidy - an imbalanced chromosome complement resulting from chromosomal insta-
bility - occurs in most solid tumors. Since protein production is highly correlated with
DNA copy number, the loss or gain of entire chromosomes can substantially modify
cellular protein balance 1,2. Thus, whole chromosome aneuploidies have the potential to
dramatically modify cellular phenotype and fitness. Despite the recognized importance of
aneuploidy in tumor evolution, quantitative understanding of the evolutionary landscape
of aneuploidy is lacking. To address this question, we used an agent-based model of
evolving aneuploid cell populations to characterize expected patterns of aneuploidy arising
under different evolutionary scenarios. We applied our model to data from several gastric
cancer cell lines to infer the evolutionary landscape upon which they were evolving.

To describe evolving aneuploid cell populations, we developed an agent-based model
wherein individual cells are assigned a karyotype. To simulate the development of ane-
uploidy, dividing cells in the model may undergo a mis-segregation, in which the chro-
mosomes of the dividing parent are asymmetrically assigned to the daughter cells - thus
generating novel karyotypes. Karyotypes are mapped to fitness values, which determine
the survival probability of cells. We assessed several potential forms for the mapping
function from karyotype to fitness, then characterized the effect of these mappings on
the resulting population structure. We trialed several existing metrics for comparing the
structure of populations arising under different fitness landscapes. We also developed a
novel metric which compares populations by measuring the distance between the frequency
spectra of unique karyotypes for each population.

We applied our model to data from several aneuploid gastric cancer cell lines. We found
most of these cell lines were not compatible with a model of neutral evolution where
karyotype has no effect on cell fitness. Instead, we found that a rough landscape with a
high density of local fitness peaks was necessary to recapitulate patterns of aneuploidy
observed in the gastric cancer cell lines. We will further develop and validate our approach
in-vitro, expanding our results with publicly available single cell sequencing data from 197
additional cancer cell lines across multiple cancer types. Our model can then be extended
to in-vivo patient data, since the in-vivo single cell sequencing data required for model
parameterization is readily available. Ultimately, our model will improve understanding
of the mechanisms driving karyotype evolution among tumor cell populations, aiding the
identification of therapeutically modifiable parameters to steer tumor evolution away from
more aggressive phenotypes.
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Modeling the stochastic dynamics of metastatic breast cancer in com-
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Myeloid-derived suppressor cells (MDSCs) are pathologically activated innate immune cells
with potent immunosuppressive activity. Their role in the tumor immune microenvironment
is important and under-appreciated; their presence can significantly worsen outcomes in
primary and metastatic disease. Informed by data from a phase I clinical trial for metastatic
breast cancer, we have developed mathematical models of tumor-immune dynamics while
undergoing treatment with combinations of a histone deacetylase inhibitor, and anti-PD-1
and anti-CTLA-4 therapies. Single-cell RNA-sequencing data were used to map the
composition of the tumor-immune microenvironment under different treatment conditions,
where subtle yet important shifts in immune populations were observed. Crucially, previous
models have neglected the effects of MDSC on tumor response, including the observed
recruitment/activation delays. Here we developed models of the tumor-immune dynamics
using stochastic delay differential equations. Sensitivity analyses revealed the importance
of MDSC parameters in controlling responses. We used clinical data on tumor response
outcomes (RECIST) to fit individual patient models via Bayesian parameter inference,
enabling the characterization of patient-specific responses to combination therapies during
metastatic breast cancer. Finally, through the combination of dynamical systems modeling
with machine learning, we are developing a framework to predict new tumor biomarkers
of immune-sensitized states, which can be used in the clinic.

Mathematical model-informed adaptive cancer therapy

Maximilian Strobl, Mark Robertson-Tessi, Alexander Anderson [maximil-
ian.strobl@moffitt.org]

Department of Integrated Mathematical Oncology, Moffitt Cancer Center, USA

Through integration of eco-evolutionary principles and mathematical modelling a new
approach to tackling drug resistance in cancer is beginning to emerge called adaptive
therapy (AT). AT proposes to dynamically modulate treatment according to the tumour’s
response in order to maintain sensitive cells which suppress emerging drug resistance
via space and resource competition [1]. An initial clinical trial in prostate cancer has
recently demonstrated that AT is feasible and may hold significant survival and financial
benefits for patients [2, 3]. Treatment adaptation in this trial was based on a simple
algorithm in which drug was administered until the tumour burden had been reduced by
50%. Following this, treatment was withheld until the tumour had regrown to its initial
size. Subsequent theoretical work by us and others [4,5,6] has suggested that even better
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results could be achieved if the timing of when and for how long treatment is withheld
was to be personalised to each individual patient. However, how feasible and robust is
such personalisation in light of the limited frequency and resolution of clinical data and
the inherent uncertainty about the underlying disease biology in patients?

Here, we present results from an in silico study where we tested a protocol in which a
patient is initially treated with the 50% rule from the clinical trial, but over time sees their
treatment algorithm personalised based on predictions of an ODE model. In the first part
of our study, we considered a simple 2-population ODE model which we had previously
used to investigate AT and which we calibrated using data from prostate cancer patients
undergoing androgen deprivation treatment [4]. Using this model to represent the tumour
in a “virtual patient” we studied how quickly, into the course of treatment, we were able
to predict: i) the patient’s time to progression, and ii) the benefit of continuing with AT
over switching to standard-of-care continuous therapy. In the next step, we tested how
the accuracy changed as we varied the frequency at which data was collected from the
virtual patient model and whether only total tumour burden or also information on the
sensitive cell fraction was available (e.g. via ctDNA sequencing). Our results suggest that
depending on the available data between 2 and 3 initial cycles of AT will be required to be
able to reliably predict a patient’s dynamics. In the second half of our study we turned to
the question: how robust is our protocol to uncertainty about the nature of competition
between drug-sensitive and resistant cells in the tumour? To do so, we repeated our
analysis from Part 1 using different ODE models of competition (Gompertzian, generalised
logistic and consumer-resource competition laws) to serve as the virtual patient. This
showed that uncertainty in the strength of competition can result in significant error
in the predicted benefit of AT. To conclude, we present an initial exploration on how
to address this uncertainty by using not a single model, but an ensemble of different
models, to inform decision-making. Overall our work provides insights into the benefits
and limitations of integrating predictive modelling into AT decision-making, which will
help our understanding of how we can tailor AT to a specific disease setting in order to
benefit patients the most.
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BACKGROUND: Patient-reported outcomes (PROs), collected using standardized ques-
tionnaires at various time points throughout a patient’s care, are used to assess a patient’s
health condition, reported directly from the patient, without any bias from third parties.
Studies have shown that changes in PROs can be early indicators of clinically important
events such as burden of treatment, cancer development, and cancer progression.

METHODS: In this study, we analyzed longitudinal PRO dynamics against tumor volume
response dynamics to identify possible correlations in non-small cell lung cancer (NSCLC)
patients undergoing immunotherapy. 118 NSCLC patients (48.15% male, mean age
66.39) took a biweekly FACT-ICM item panel to assess 27 symptomatic toxicities of
immunotherapy (e.g. fatigue, muscle pain, rash, etc.) on a 5 point Likert-type scale.
Symptoms likely associated with progression of NSCLC were also assessed (e.g. pain,
voice change, insomnia, swelling of face, etc.). Tumor volumes were collected every
4-6 weeks via CT. Statistical analysis was used to identify correlations of symptoms
themselves as well as correlations of PRO progression against volume dynamics.

RESULTS: Preliminary statistical analysis identified increases in insomnia to be signifi-
cantly associated with increases in tumor volume (p = 0.02). Further analysis showed
that cumulative changes in insomnia alone can predict tumor increases/decreases with
65% accuracy, even when only used on binary PRO and volume categorizations of in-
crease/decrease. A correlative analysis showed potentials for direct linear relationships
(r = 0.22, p = 0.01). Further significant correlations to tumor volume were found with
fatigue (r = 0.19, p = 0.0334) and dizziness (r = 0.27, p = 0.0023). In addition to fatigue
and insomnia being the first- and fourth- most expressed patient-reported outcomes (µ =
1.912, µ = 0.98), insomnia and fatigue themselves were significantly correlated (r = 0.500,
p ≤ 0.001)—alluding to the potential for a predictive mathematical model combining the
two PROs.

CONCLUSION: Insomnia may be a useful marker in predicting patient volume dynamics,
as one of the most pronounced and associated to volume variables. Preliminary analysis
showed that insomnia was significantly correlated with volume, in addition to fatigue
and dizziness. Further analysis found that longitudinal changes in insomnia could predict
volumetric changes with 65% accuracy. The innate association between PRO and tumor
volume will be further analyzed through optimization of the lead-in time between symptom
reporting and volume prediction.
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In castrate-sensitive prostate cancer, the current standard of care is continuous maximum
tolerated dose (MTD) of anti-androgenic compounds which often successfully reduces
tumor burden. However, continuous use of these compounds usually leads to resistance.
For castrate-resistant disease, clinical trials using adaptive therapy approaches have shown
longer tumor control compared to MTD. In adaptive therapy, a drug is given to maintain
a tumor size by killing enough treatment-sensitive cells to shrink the burden but keep
enough sensitive cells to suppress the outgrowth of resistant cells. This approach relies on
using a systemic biomarker that is a surrogate for total tumor burden, which in prostate
cancer is prostate-specific antigen (PSA). However, as testosterone activates androgen
receptors (AR) causing PSA to rise downstream, PSA is not simply a surrogate for tumor
burden, but fluctuates due to changes in testosterone and AR expression amongst cells.
Here, we use a mathematical model to dissociate PSA from tumor burden to uncover
potential mechanisms of resistance.

We fit a system of ordinary differential equations based on biological mechanisms of
resistance to longitudinal PSA and testosterone data from an adaptive therapy clinical trial
for castrate-sensitive prostate cancer. We first develop a model to capture the dynamics
of testosterone alone. Then, fixing that model and parameters, we fit to the dynamics of
PSA with an expanded model assuming 3 cancer cell subtypes: testosterone-dependent
cells, testosterone producers, and testosterone-independent cells.

Patients with tightly correlated testosterone and PSA levels tend to have mostly testosterone-
dependent cells and continued robust responses to each round of treatment. Less corre-
lated testosterone and PSA dynamics was usually associated with changes in PSA nadirs,
peaks, or rates of return after stopping treatment over subsequent rounds of adaptive
therapy. By fitting to both PSA and testosterone dynamics, we can distinguish between
tumors that maintain testosterone-dependent cells from those with increasing resistant
cell types. This allows for better quantification of the underlying tumor composition to
help optimize therapies that target those cell types and better maintain tumor control.

Mathematical modeling of inflammation and blood cancers - age de-
pendent cancer development and sensitivity to infectious coorbidi-
ties

Johnny T. Ottesen [Johnny@ruc.dk]
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In the talk we specifically consider the hematopoietic cancer Philadelphia-negative and
JAK2V617F-positive myeloproliferative neoplasms (MPNs), briefly denoted JAK2V617F-
positive MPN. We suggest a simple model describing the coupled inflammatory-cancer
system based on few well-founded biologically theories. The dynamics of the cancer
development, which itself has an inflammatory component and shows that a number
of steady states may exist including a stable dormant pre-cancerous state and a stable
aggressive (likely a lethal state) disease state separated by a seperatix. The dormant state
is caused by the immune system, which may be capable of keeping the pre-cancerous
state at an insignificant low level of malignant cells, which for hematological cancers is
denoted Clonal Hematopoiesis of Indeterminate Potential (CHIP). Supported by population
screenings, many such CHIP-cases exist in the background population as they are left
undiagnosed.

We ask the following questions,

• To what extend may an infectious comorbidity allow a cancer to escape, how should
we think about it, and what is the key parameters governing such escape?

• Is fast treatment of the infection crucial in hinder the cancer progression or is late
medical treatment preferable?

• Does aging, as a slow degrader of the efficacy of the immune system, explain
increasing risk of developing cancer with age?

• How does aging effect a CHIP state?

• Which data support the modeling approach?

We give model-based answers to these and many other questions and compare the findings
with clinical data.
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A dynamical systems analysis of the generation of early afterdepolar-
izations in cardiomyocytes: insights from in silico electrophysiological
models
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In this talk we analyze the dynamical mechanisms underlying the formation of arrhythmo-
genic early afterdepolarizations (EADs) in two mathematical models of cardiac cellular
electrophysiology: the Sato et al. [4] biophysically detailed model of a rabbit ventricular
myocyte of dimension 27 and a reduced version of the Luo-Rudy mammalian myocyte
model of dimension 3. Based on a comparison of the two models, with detailed bifurcation
analysis using continuation techniques in the simple model [1] and numerical explorations
in the complex model [2], we propose a conjectured scheme [3]. We will show that in the
most relevant parametric region the change, on EADs, is organized by a hysteresis loop
and especial orbits, called “canards” in dynamical systems community [1], that generates
two stable orbits, with and without EAD. All these phenomena allow to give a dynamical
systems conjecture of a global scheme of creation of EADs [3]. This theoretical scheme
fits well with electrophysiological experimental data on EAD generation and hysteresis
phenomena.
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3D Modelling of a Spatially Resolved Energy Metabolism in
Physiological Astrocytic Morphology

325



Sofia Farina1∗, Valérie Voorsluijs1,2, Sonja Fixemer2,3,4, David Bouvier2,3,4, Susanne
Claus5, Stéphane P.A. Bordas1 & Alexander Skupin2 [sofia.farina@uni.lu]

1 University of Luxembourg, 2 LCSB- Luxembourg Centre for Systems Biomedicine, 3

Luxembourg Center of Neuropathology (LCNP), 4 Laboratoire national de santé (LNS),
5 Onera Palaiseau

Astrocytes, the most abundant cell in the central nervous system, have a star-shaped
morphology and play a central role in brain homeostasis as metabolic mediators between
neurons and blood vessels. Recent evidence put astrocytes therefore in the focus of
neurodegeneration (ND), since in case of metabolic dysfunctions as e.g. observed in
Alzheimer’s disease or Parkinson’s disease, they cannot provide neurons with sufficient
amount of nutrients. Furthermore, progression of ND is often accompanied by changes in
astrocytic morphology further indicating the essential role of astrocytes in the brain.

Despite its importance, the complex astrocytic morphology is often neglected in modelling
of metabolic reactions [1]. In this study, we propose a computational model that describes
cellular metabolism through a reaction-diffusion system including two fundamental pieces
of information: the intracellular spatial arrangement of the reaction sites and the real,
complex geometries by using the previously developed method CutFEM([2][3]).

Our findings show how intracellular spatial organisation and diffusion limitation as well
as the physiological cell shape must be taken into account to go towards biological
models that are closer to reality. In particular, the spatial distribution of mitochondria
notably impacts the cellular ATP : ADP ratio, which is an indicator of the energetic
state of the cell. Finally, we solve our system in a 3D human astrocytic morphology and
study the different spatial arrangements of the reaction sites simulating physiological and
dysfunctional behaviour. In this regard, we believe, that the proposed model is a useful
instrument to gain insights into the role astrocytes play in neurodegeneration.
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Modelling IL-2 signalling dynamics on the individual cell scale
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Interleukin-2 (IL-2) is a cytokine which can both promote and suppress immunity by
binding to effector and regulatory T cells respectively [1,2]. The seemingly contradictory
effects of IL-2 have raised interest in selectively stimulating the effector or the regulatory
T cells to promote or suppress immunity by generating different formulations of IL-2 that
preferentially stimulate certain types of T cells [3]. For the rational development of a
range of immune-modulatory therapeutics, it is important to understand the role of IL-2
in mediating interactions between different types of T cells. We start by modelling the
dynamics of IL-2 binding to T-cell receptors on the individual cell scale. The system
is characterised by a 3D spatial model consisting of PDEs. To analyse the model, we
have used various techniques including model reduction and numerical simulation. We
have also performed global parameter sensitivity analysis to understand how the binding
changes when varying model parameters, for example the amount of IL-2 and the density
of receptors. We will present results obtained in these studies and discuss their impact.
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Multiscale modelling helps analyze the effect of colonic mucus types
on the infant gut microbiota
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We model naturally occurring differences in the composition of the mucus of the colon
in infants to provide predictions and hypotheses on how these differences influence the
composition of the microbiota.

The composition of the gut microbiota greatly influences the health of the host. In adults,

327



genetic differences in the FUT2 gene are known to influence the composition of the gut
mucus which, in turn, influences the composition of the gut microbiota [1]. However,
the infant microbiota has a composition very different from the adult microbiota, and is
characterised by a dynamic succession of community types [2]. Though important for
health in both the short and long term, the infant microbiota has been studied much
less than the adult microbiota and conclusions drawn for the adult microbiota do not
necessarily translate to the infant microbiota. We examine how differences in gut mucus
composition caused by the FUT2 gene may influence the infant gut microbiota.

We have build upon a previously developed multiscale computational model [3] to model
the influence of mucus types in an infant-specific context. The resulting multiscale model
reproduces spatial and temporal variation in the distribution of bacterial populations,
lactose, mucin, and bacterial metabolites. It makes use of flux balance analysis with an
enzymatic volume constraint that allows us to capture metabolic switches and represent
species-specific nutrient preferences, all based on underlying genome-scale metabolic
models from the AGORA project [4]. We also utilize the species-specific mucin digestion
reactions and large library of intermediate mucin structures included in AGORA.

Preliminary results suggest that the type and quantity of mucin can determine what
bacterial species become dominant in the microbiota. We find that these factors do not
just directly impact the bacterial populations, but can have a disproportional effect on
bacterial abundances and the metabolic profile of the infant gut. For example, bacteria
that grow more by consuming mucin can then also acquire more of the available lactose
in the gut, outcompeting other species. Different types and quantities of mucin also
produce different crossfeeding metabolites, allowing for different populations of secondary
consumers. We also provide predictions and hypotheses for future in vitro and in vivo
study.

References
[1] Cheng, S., Hu, J., Wu, X., Pan, J. A., Jiao, N., Li, Y., ... & Lan, P. (2021). Altered
gut microbiome in FUT2 loss-of-function mutants in support of personalized medicine for
inflammatory bowel diseases. Journal of Genetics and Genomics, 48(9), 771-780.
[2] Dogra, S., Sakwinska, O., Soh, S. E., Ngom-Bru, C., Brück, W. M., Berger, B., ...
& Holbrook, J. D. (2015). Dynamics of infant gut microbiota are influenced by delivery
mode and gestational duration and are associated with subsequent adiposity. MBio, 6(1),
e02419-14.
[3] Versluis, D. M., Schoemaker, R., Looijesteijn, E., Muysken, D., Jeurink, P. V., Paques,
M., ... & Merks, R. M. H. (2021). A multiscale spatiotemporal model explains succession
in the early infant gut microbiota as a switch from aerobic to anaerobic metabolism.
bioRxiv.
[4] Magnúsdóttir, S., Heinken, A., Kutt, L., Ravcheev, D. A., Bauer, E., Noronha, A.,
... & Thiele, I. (2017). Generation of genome-scale metabolic reconstructions for 773
members of the human gut microbiota. Nature biotechnology, 35(1), 81-89.

328



Modeling adipocyte dynamics with differentiation

Magali Ribot1, Jérôme Gilleron2, Thierry Goudon3, Frédéric Lagoutière4, Hugo
Martin5,
Benjamin Mauroy3, Pascal Millet6, Cristina Vaghi7 [magali.ribot@univ-orleans.fr]

1Institut Denis Poisson, Université d’Orléans, 2Centre Méditerranéen de Médecine Molécu-
laire, Université Côte d’Azur, INSERM, 3 Laboratoire Jean-Alexandre Dieudonné, Univer-
sité Côte d’Azur, Inria, CNRS, 4Institut Camille Jordan, Université Claude Bernard Lyon
1, 5 INSERM, 6 Institut Joseph Fourier, Université Grenobles Alpes, 7 Inria Bordeaux
Sud-Ouest

We present in this talk a mathematical model for the dynamics of an adipose tissue,
taking into account the differentiation of mesenchymal cells to preadipocytes and then
to adipocytes. The system is composed of a transport equation structured in size to
describe the adipocyte dynamics, coupled with some ordinary differential equations for
the mesechymal cell and preadipocyte dynamics. Differentiation rates depend on the
mean adipocyte radius and the adiopcyte growth rate depends on food availability and
on the total surface of adipocytes. Once the system is derived, we study its stationary
solutions, we prove the existence and uniqueness of solutions using Filippov theory and
we determine the asymptotic solution in simple cases. Numerical simulations are shown,
using parameters fitted thanks to experimental data. Finally, we present an extension of
the model with spatial dependency. This is a joint work with , Jérôme Gilleron, Thierry
Goudon, Frédéric Lagoutière, Hugo Martin, Benjamin Mauroy, Pascal Millet and Cristina
Vaghi.
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Modeling Iron Metabolism and Erythropoiesis of Blood Donors
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In the United States and Canada, blood donors are allowed to give blood every 56 days (8
weeks). This interval is based on old studies investigating only the recovery of hemoglobin
after blood donation. Recent experimental studies, which measure other iron parameters
after blood donation, have shown that this interval is very short to prevent iron deficiency
in frequent blood donors. Possible interventions can be lengthening the interval between
donations, giving iron supplementation, or combination of both.
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In this talk, we present a mathematical model which we propose for erythropoiesis and
iron metabolism and apply it to this problem. The model consists of six coupled delayed
differential equations (DDEs). The first four equations track iron during erythropoiesis,
including: the hemoglobin iron within erythrocytes, iron in the recycling macrophages,
iron in circulating plasma, and iron in the storage. The last two equations in the model
describe the dynamics of the major regulating hormones: hepcidin and erythropoietin
(EPO). Hepcidin is produced in the liver, and regulates iron uptake for hemoglobin
synthesis during erythropoiesis. EPO is produced principally in the kidney in adult humans,
and regulates erythroid cells proliferation. Mathematically, the inclusion of delays in our
model has the advantage of minimizing the number of variables in the model in order to
circumvent issues with parameter identifiability that arise in ODE many-compartment
models. The use of distributed delays allows us to capture the effect of the hormones
on precursor cells. We show how to reformulate the distributed DDEs so that solutions
can be simulated using standard MATLAB solver. We present numerical simulation of a
single and multiple blood donations with and without iron supplementation, compare with
experimental data from the literature, and show some conclusions.

Comparison of the fluid-structure interaction of an airway of a sleep
apnea patient with and without wearing a protrusion splint
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Obstructive sleep apnea (OSA) is a common sleep-disorder, which is characterized by
breathing limitations caused by a partial or complete reversible collapse of the pharynx
due to a shift of surrounding soft tissues. Untreated OSA has many negative effects on
health like hypertension and cardiovascular disease [1]. A common treatment device is
the mandibular protrusion splint, which can prevent the collapse of the airway due to the
protrusion of the mandible. Finding the best protrusion is not easy and depends on many
factors, such as the severity of the disease and patient-specific airway geometry. Often
it is not possible to predict the success of a treatment method beforehand. Therefore
computational fluid dynamics (CFD) and simulation of the fluid-structure interaction (FSI)
can be a useful tools for analyzing the flow pattern and the anatomical predisposition of
the airway collapse in patient-specific simulations. In simulations of the fluid-structure
interaction, the coupling between structural mechanics and fluid dynamics is considered
to take into account the behaviour of the deforming structure and the resulting effects on
the fluid into account. In recent years, some FSI studies have investigated the collapse of
the airway in OSA patients [2, 3].
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In this work two digital, anthropomorphic models of the upper airway of a sleep apnea
patient with and without application of a protrusion splint were created based on 3D
MRI data sets. The surrounding soft tissue was approximated by a cylinder, which has
the material properties of the tongue. The flow of the Newtonian fluid air in human
respiration can be assumed as incompressible, because of the low velocity of the air in the
upper airway during inhalation (Mach number < 0.05). For the time-dependent simulation,
the conservation equations for the fluid domain and the structure domain are solved by a
fully coupled solver.

The results indicate a significant influence of the protrusion splint, due to the expanded
cross-section in the oropharynx caused by the movement of the mandible. In particular,
the reduction of the maximum velocity and the resulting lowered deformation in the area
of collapse can be observed due to the effect of treatment with a mandibular protrusion
splint.
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A continuous mesoscale analysis of curvature-mediated protein inter-
action on lipid membranes
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Lipid membranes and embedded proteins are the key actors in the mechanics of the vast
majority of physiological workings. The fluid lipid bilayer acts as a boundary for the cell
and defines its internal compartmentalization and organization. It is the stage for all
sort of life-related processes involving signal transduction, cellular trafficking, formation
of organelles, division, and mutual cells interactions [1]. The ability of the membrane
to deform and remodel its shape is crucial in all these scenarios, and it is often driven
by curvature-inducing proteins crowding the cell’s surface. Indeed, due to the innate
multiscale nature of lipid bilayers, the local interplay of lipids and proteins may result in a
large-scale membrane response, thus triggering proteins clustering and, perhaps, inducing
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invagination events, vesicle detachments, and endo/exo-cytosis phenomena. Unraveling
the pathways for protein-membrane linkage and consequent arrangement would shed light
on several pathologies and physiological mechanisms, as well as enable the development
of innovative drug delivery strategies and technological applications (e.g., mitigation of
environmental pollutants, optimization of biofuel synthesis, and artificial photosynthesis
reproduction [2,3]).

A simple energetic conjecture [4] shows that the energy provided to the membrane
by a certain crowd of curvature-inducing proteins cannot justify the remodeling of the
whole system when only the binding strength and direct interactions between proteins
are considered. This means that a universal, long-range interaction mode must exist,
exploiting the stored bending energy of the membrane, and ought to be relevant, too,
as enforced by experimental observations on non-interacting compounds [5]. The lipid-
mediated aggregation of proteins reflects how local, nanoscale deformations induced by
each inclusion are able to affect the mesoscopic configuration of the bilayer. The elastic
behavior of the lipid medium tightly controls the underlying multiscale physics of this
phenomenon and the need for a comprehensive mechanical description is yet to be fully
addressed.

This work proposes a diffuse interface (phase field, specifically) model, inferred from the
continuum-elasticity picture of the Canham-Helfrich Hamiltonian and able to tackle the
highly non-linear effects of the lipid-protein coupling. Such an approach is conceived to
overcome the computational limitations of more classical ones (e.g., sharp interface and
molecular dynamics) as well as to easily take into account hydrodynamics effects, thermal
fluctuations, and topological rearrangements. The resulting evolution field equations are
solved by means of high-efficiency numerical approaches, inherited from the fluid dynamics,
eventually reproducing the clustering effect on protein inclusions. As predicted, the direct
protein-protein potentials are shown to be aided, and sometimes outclassed, by the more
intriguing, curvature-mediated, long-range interactions. These results are paving the way
for investigating the effects of different kinds of inclusions and lipid compositions and for
shedding light on the full process of membrane vesiculation.
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Fractional differential equations may be used to summarize, with an order that can in
principle be estimated from data, different (presumably integer-order) interacting controls
or influences upon the observed variable of interest, especially if the information content of
the observations is relatively small compared to the complexity of the system of interacting
variables. This is the case, for example, of trans-cutaneously measured glycemia, where
besides glycemia itself (possibly decaying by first-order elimination) also unobserved factors
(insulinemia, other hormones) may exert higher order effects. The problem is complicated
by the fact that random events (food intake, exercise, emotions) may affect glycemia as
well, leading to the formalization of the problem as a Fractional Stochastic Differential
Equation (FSDE). We exemplify the use of simple FSDE models of glycemic control and
undertake model parameter estimation in this framework. The difficulties in dealing with
a numerically daunting task, while attempting to adhere to a physiological interpretation
of the available data, are described.

Model Identification/Estimation

A Mathematical Model describing Cell Shape Evolution and the Im-
pact of Cellular Forces on the Extracellular Matrix during Cell Invasion
through a Flexible Channel

Qiyao Peng1,2,3, Fred J. Vermolen2,3, Daphne Weihs4 [q.peng@math.leidenuniv.nl]
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Table 0.1: Duration time of cell penetrating through the channel in both cases
Duration Time (min) Cell 1 Cell 2 Cell 3

Case (1) 85.47 66.85 61.39
Case (2) 76.51 75.95 N.A.

It has been widely documented that cell geometry influences cellular activities like cell
growth and death, cell mobility and adhesion to the direct environment. The shape
of a motile cell is determined by its boundaries, which dynamically varies with a local
balance between retraction and protrusion. For cancer cell metastasis, which is the main
reason of death among cancer patients, cancer cells need to deform in order to adapt to
obstacles during invasion and they are observed to apply traction forces on their immediate
environment. Hence, a lot of research has been done on cell penetration the micro-tubes
to mimic the tissue-like environment where cells are allowed to transmigrate through
cavities.

We extended the phenomenological model [1] to simulate cell shape evolution during cell
migration. In our model, the cell membrane is split into line segments by nodal points, and
each point is connected to the cell center as well as the neighboring points by springs to
maintain the cell cytoskeleton. Furthermore, a cell is divided into head and tail part with
different properties. Together with chemo-taxis/mechanotaxis, passive convection, focal
adhesion and random walk, the displacement of the nodal point is determined. Hence, the
cell shape evolves over time. We consider a series of cells that penetrate through a flexible
narrow channel (the width of the channel is narrower than the cell size) sequentially, of
which the walls are plastically deformable due to the forces exerted by the cell. The
leading cells open up the channel such that the other cells penetrate more easily.

We consider a series of cells that penetrate through a flexible narrow channel (the width
of the channel is narrower than the cell size) sequentially, of which the walls are plastically
deformable due to the forces exerted by the cell. The leading cells open up the channel
such that the other cells penetrate more easily.

Results are given in the terms of the duration time of the cell penetrating through the
channel completely. We consider two circumstances: (1) the next cell enters the channel
when the previous one has left completely, i.e. there is no mechanical contact between the
cells; (2) cells enter the channel following each other, and the mechanical contact may
take place, then they exert pushing force on each other. There is significant reduction
in transmigration time of the subsequent cells in Case (1), whereas in Case (2) there is
less significant reduction; see Table 0.1. For both cases, we fix the initial positions of the
first cell and other settings of the model as much as possible. Then, it can be seen that
for Case (2), the first cell might benefit from the second cell exerting the pushing force
when they have mechanical contact. To investigate further regarding how the subsequent
cells can benefit from the leading cell, Monte Carlo simulations will be conducted. We
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extended our model in [1] to make it more realistic and investigate how the subsequent
cells can benefit from the leading cell when they need to penetrate through a channel or
a pore which are much smaller than the cell size. It can be concluded from the simulation
that cells collaborate by opening up the channel or the pore in the substrate, such that
the other cells transmigrate more easily and faster.
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Parameter identifiability for extensions of the Fisher-KPP model
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The Fisher-KPP model is one of the simplest partial differential equation models exhibiting
travelling wave behaviour, and has been widely used to model the growth and spread of
populations in biology. When applying the model to experimental data, it is often tempting
to generalize the model with additional parameters to obtain a better fit. However, this
increase in model complexity also increases the difficulty of estimating the parameter values.
In this study, we use a profile likelihood approach to investigate parameter identifiability in
extensions of the Fisher-KPP model on both simulated data, and experimental data from
a cell invasion assay. We focus on the effects of the forms of the kinetic terms, model
misspecifications, and amount of data. We also quantify the amount of data required to
justify a more complex model, and explore ways to design experiments to yield data more
useful for parameter identification.

An estimation framework to study epidemic fade-out using multiple
outbreak data

Punya Alahakoon, James M. McCaw, Peter G. Taylor [pala-
hakoonmu@student.unimelb.edu.au]

The University of Melbourne, Australia

Deterministic epidemic models that allow for replenishment of susceptibles display damped
oscillatory behaviour. However, dynamics of epidemics are influenced by stochastic effects,
particularly when the disease prevalence is low. At the beginning of an epidemic, due to
low prevalence levels, stochastic die-out is possible and is well studied in the literature.
Once an epidemic takes off, extinction is highly unlikely, but the probability of extinction
increases again with the decline of the wave. Extinction taking place during this period,
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that is, during the trough between the first and the potential second wave is known as
epidemic fade-out. We consider a set of epidemics that evolve independently. Some of
the epidemics may display fade-out while others do not. While fade-out is necessarily
a stochastic phenomenon, the probability of this event taking place depends on the
parameters associated with the epidemic. Therefore, we investigate whether time-series
data of multiple outbreaks can be used to identify key drivers of epidemic fade-out across
sub-populations in which the epidemics take place.

In this talk, using synthetic data, I will illustrate how a Bayesian hierarchical modelling
approach can 1) identify when the sub-population specific model parameters supporting
each epidemic have significant variability and 2) estimate the probability of epidemic
fade-out for each sub-population. I will also demonstrate that a hierarchical analysis
improves the estimates compared to when the epidemics are considered independently.
Our estimation framework is applicable to other similar biological data.
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Cardiovascular diseases (CVDs) are the leading cause of death worldwide, with invasive
and imaging methods being the gold standard diagnostic tools. Particularly vulnerable
to CVDs are patients with chronic kidney diseases (CKD). About 50% of patients with
CKD stage 4 or 5 have CVD, with approximately 40% to 50% of all deaths in this group
being attributable to CVD, [1]. For this reason, it is of utmost importance to develop
non-invasive and relatively simple methods available at the screening level.

We have tested the possibility to use peripheral pressure waveform recordings from
CKD patients for detailed heart function assessment. For that purpose, peripheral pulse
waveforms were recorded on radial arteries in 35 hemodialysis patients using applanation
tonometry (SphygmoCor, AtCor, Australia). Bioimpedance cardiography measurements
(PhysioFlow, Manatec Biomedical, France) were also performed to cross-validate model-
predicted heart function parameters. Recordings were used to estimate subject-specific
parameters of a 1D pulse wave propagation model coupled with a 0D elastance-based
model of the heart and 3-element Windkessel models at the distal ends, [2], [3].
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The model reproduced well measured pulse waveforms from radial arteries. We found
significant correlations between model-predicted and bioimpedance-measured stroke vol-
umes before starting hemodialysis sessions. We also found high correlations between the
shape of the heart elastance function and aortic indices, achieving Spearman’s R values
above 0.4 with a p-value < 0.01. The proposed framework can provide some of the heart
function parameters based on recorded peripheral pulse waveforms. It can also support
a non-invasive assessment of the selected heart function parameters and other aortic
indices.
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Poisson-Nernst-Planck (PNP) equations are widely used as governing equations for mass
transport of charged particles. Interesting phenomena arise when there is an interplay
between bulk and surface charge. In such a case, details of the geometry (surface) become
essential and in particular so when the geometry is complex, e.g., if the material has an
inner structure and hence the surface area is spread within a domain of interest.

Instead of solving the governing equation in a complex domain, one may opt for upscaling
the problem to a macroscopic description which reflects the effect of the “inner” surface
charge in the upscaled bulk equation and hence significantly reducing the problem.

Typical averaging techniques that enable such a reduction are homogenisation theory or
multiple scales approach. They provide alternative approaches to the issue of reduction
but can yield different outcomes due to their different nature: the former relies on the
presence of a parameter taken to be arbitrarily small, and reflecting a lengthscale smaller
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than any physical macroscale in the system, while allowing for a rigorous proof of the
limit to the upscaled version; the latter is perhaps a more heuristic approach but is more
directly relatable to the physical scales in the system. See, for example, [1,2,5] and [3,6]
for comparison.

A key assumption in both approaches is a structural periodicity on the microscale which
enables upscaling. Our goal is to weaken this key assumption and assess the effective
upscaled PNP equations in a system with a slight variation in space. Recently, an extension
of the multiple scales method was proposed for deriving an upscaled version of the diffusion
equation with impermeable insertions on the microscale. This problem is, however, simpler
than the PNP equations and cannot be applied in our case (the microscale and macroscale
governing equations were expected not to change, only the effect of the microscale
impermeable boundaries was upscaled).

We shall consider a two-phasic mixture consisting of fluid permeating through solid. The
fluid phase is a carrier of charge and there is also a fixed charge at the fluid-solid interface.
The microstructure is such that it is mildly varying in space and hence not strictly periodic.
One of the main goals is to assess the effect of this spatial variation on the microscale in
the upscaled version of the PNP equations. The source of this spatial variation can be of
two origins - either geometrical (the details of the interface change on the macroscale) or
the concentration of the fixed charge can vary.

After restating the classical Poisson-Nernst-Planck equations, the multiple scales approach
is employed to upscale the microscale description for a system with weak non-periodicity.
We highlight the key steps including the appropriate scaling of the density of fixed charge
located at the fluid-solid interface, the use of the level set approach for appropriately
expanding the boundary and interface conditions, or the choice of a correct Ansatz with
an insight from non-equilibrium thermodynamics.

To our best knowledge, the PNP equations with a mild variation in space have not been
upscaled and, in addition, we keep in mind the thermodynamic consistency of the upscaled
variant, namely the force-flux relations and the fluctuation dissipation theorem. As a
result, we retained the gradient-flow structure from the microscale formulation with the
same definition of thermodynamic driving force, only the phenomenological coefficient
contains a finer (geometrical) detail of the microscale.

Donnan’s theory is the most widely applied theory to represent the osmotic pressure
in porous media like cartilage, although it is clear from its derivation (osmotic pressure
as a result of a semipermeable membrane) that the theory is not appropriate for such
an application. Here we shall argue that the upscaled version of Poisson-Nernst-Planck
equation in heterogeneous medium can be used as a generalisation of Donnan theory.
The effect of spatial variation of material properties is significant as follows from the
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expression for the electric potential ψ (being valid in a 1D simplification)

−εLψ′′ = 2ϕ sinh (−ψ/L) + ρQ(x) 3
√
π[6(1− ϕ)]2, (0.1)

where ε is a small parameter (related to Debye lenght to macroscale length ratio), L is
a dimensionless constant, ϕ is the fluid volume fraction, and ρQ is the surface charge.
Hence, one can immediately observe that the osmotic pressure constitutes of two distinct
parts: i) the boundary layer solution that enables satisfying the boundary conditions via a
rapid change in a small transition region, and ii) the bulk solution that emerges from the
dominant balance between the fixed charge density ρQ and ions represented by sinh term.
The former can be perceived as a form of Donnan theory (as formulated by [4]) while the
latter generates a non-zero contribution to the osmotic pressure only if there is a spatial
variation in the fixed charge density. In cartilage tissue, preliminary data suggest that the
above correction has the potential to play a significant role in tissue response.
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The role of Hierarchical Bayesian inference in understanding Macular
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Jessica Crawshaw1, Antonello Caruso2, Michael Gertz2, David Augustin3

Philip Maini1, Eamonn Gaffney 1 [Jessica.Crawshaw@maths.ox.ac.uk]

1The Mathematical Institute, The University of Oxford, UK 2F. Hoffmann-La Roche Ltd,
Basel, Switzerland, 3The Department Of Computer Science, The University of Oxford,
UK

Age-related Macular degeneration (AMD) is a disease which slowly destroys ones’ central
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vision, with a huge impact on quality of life. It is the leading cause of central blindness in
the working-aged population worldwide. Wet AMD is characterised by the pathological
proliferation of the retinal vasculature triggered by an unhealthy abundance of vascular
endothelial growth factor (VEGF). These newly formed blood vessels are immature and
leaky, allowing fluids to seep into the retina, damaging the local photoreceptors (critical
light sensing cells). Currently, there is no cure for AMD. As such, intraocular injections
of anti-VEGF drugs to reduce the abundance of retinal VEGF is the clinical gold standard
for AMD disease management, slowing the progression of vision loss. However, injections
into the eye are unpleasant (to say the least), and the ocular fluid dynamics ensures
relatively rapid drug elimination, resulting in the need for regular intraocular injections.

In this talk, we will present the development and Baysian analysis of a pharmacoki-
netic/pharmacodynamic (PK/PD) model of a popular anti-VEGF drug: Ranibizumab.
This model has been developed to provide a clearer understanding of the ocular pharma-
cology of Ranibizumab, and to provide a robust prediction of Ranibizumab retention in the
eye. Results from this PK/PD model are compared to published experimental (cynomolgus
monkey) and clinical (human) data. We present a novel Hierarchical Bayesian inference
strategy to produce clinically relevant parameter distributions and an understanding of
disease progression. Using this hierarchical strategy, we provide an insight into the large
clinically observed inter-patient drug retention variability, and thus disease progression for
each patient. Finally, this model establishes the initial basis of a computational framework
we are developing to mathematically compare the ocular PK/PD of Ranibizumab with
other clinical anti-VEGF drugs in the treatment of AMD.

Methods Development

Multiscale analysis for microscale swimming

B. J. Walker1, K. Ishimoto2, C. Moreau2, E. A. Gaffney3, M. P. Dalwadi1 [ben-
jamin.walker@ucl.ac.uk]

1University College London, UK, 2Kyoto University, Japan, 3University of Oxford, UK

Over a sufficiently long period of time, or from an appropriate distance, the motion of many
swimmers can appear smooth, with their trajectories appearing almost ballistic in nature
and slowly varying in character. These long-time behaviours, however, often mask more
complex dynamics, such as the side-to-side snakelike motion exhibited by spermatozoa
as they swim, propelled by the frequent and periodic beating of their flagellum. Many
models of motion neglect these effects in favour of smoother long-term behaviours, which
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are often of greater practical interest than the small-scale oscillatory motion. Whilst
it may be tempting to ignore any yawing motion, simply assuming that any effects of
rapid oscillations cancel out over a period, a precise quantification of the impacts of
high-frequency yawing is lacking. In this talk, we will showcase the broad potential for the
application of multiple-scales asymptotic analysis to microswimming problems, exploiting
the distinct timescales of periodic deformation and swimming behaviours. In doing so, we
will highlight conditions for unbiased motion in simple models, present a general theory
for the orientation of shape-changing swimmers in the plane, and uncover a surprising
universality of emergent long-term behaviours in a recent model of microswimming.

Biological image data augmentation using Möbius transformations

Torbjörn Lundh [torbjorn.lundh@gu.se]

University of Gothenburg, Sweden, Chalmers University of Technology, Sweden

In a key-note presentation at Stanford in October 2019, Andrew Ng stated that the main
challenge for AI is the lack of data, and the two ways to address this problem are i)
smarter architecture and ii) data augmentation. We will discuss the latter in the specific
case of image recognition of biological objects, e.g. train a neural network to tell the
difference between cats and dogs. Since 2019, more deep and more complex archtecture
has been developed, since tougher problems are addresed solve. This will further increase
the needs huge amount of trianing and evaluation data.

Inspired by [1] and our studies [2,3], we stated the hypothesis that by adding to rigid
transformation the class of Möbius transformations, we will get more suitable image data
augmentation for biological structures.

In [4] we confirmed this hypothesis using a standard library of images. Furthermore, more
applications of this approach has been performed, see for example [5].
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Occam’s razor gets a new edge: the use of symmetries in model
selection (talk)
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We demonstrate the power of using symmetries as a guiding principle for model selection
based on experimental data in the context of mechanistic modelling. In particular, we
analyse two different mechanistic models called the power law model (PLM) and the
immunological model (IM) describing the increase in incidences of cancer due to ageing
[1]. The IM fits three time-series corresponding to the cancer types myeloma, colon
cancer and chronic myeloid leukemia (CML) better than the PLM implying that it would
be selected based on minimising residuals. However, recently a new symmetry-based
method for model selection has been developed [2], which has been successfully used in
an in silico setting to find the correct model for simulated data when traditional model
fitting has failed. Here, we apply this method in a real-world setting to investigate the
mechanisms involved in carcinogenesis. Based on this, we firstly derive two distinct
symmetry transformations of the two models and we then fit both candidate models to
the same three time series that are transformed by the respective symmetries of each
model. Then, we select the model which not only fits the original data but whose fit is
also invariant under transformations by its symmetry. Contrary to the initial conclusion,
we conclude based on this that the IM realistically describes the mechanism underlying
the myeloma and CML datasets while the PLM realistically describes the mechanism
underlying colon cancer dataset. These conclusions agree with experimental knowledge
about these cancer types, and this work demonstrates how a model selection criteria
based on biological properties can be implemented using symmetries.
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Control strategy identification in Boolean networks
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Understanding the control mechanisms in biological systems can contribute to the im-
provement and development of practical applications, for instance in cell reprogramming or
drug target identification. The modeling of complex biological systems is often hindered by
the lack of information about kinetic parameters or the specifics of reaction mechanisms.
Boolean modeling aims to overcome this problem by capturing the qualitative behavior of
the system using a coarse representation of the influences between components, which are
described by binary-valued nodes and whose interactions are defined by logical regulatory
functions. Despite its simplicity, Boolean modeling has been shown to be able to capture
in many cases relevant behaviors of biological systems.

In the context of Boolean networks, a control strategy is commonly defined as a set of
interventions that fix some components to certain values, and ensures that the long-term
dynamics of the system is in a desired state. Many approaches have been developed
for control in biological systems, for example using the stable motifs of the network [1],
basins of attraction [2] or computational algebra techniques [3]. At the core of many
approaches is value percolation that is based on the idea that the propagation of a set of
initial interventions through the network can induce the fixing of the target components to
the desired values [4]. Methods based on value percolation can be implemented efficiently
[5] but often miss many control strategies.

We present two different approaches for control strategy identification. The first one is
based on value percolation, thus benefiting from the efficient implementation of percolation
methods, and extends the usual approach by considering trap spaces, regions of the state
space closed with respect to the dynamics [6]. In biological systems, minimal trap spaces
can be in some cases good approximations of attractors, minimal sets of states where
the system stabilizes, and can be used to provide useful approximations of the system
dynamics [7]. The use of trap spaces, which can be efficiently computed in biological
systems [8], allows our approach to identify control strategies missed by direct percolation
techniques.

Most of the approaches developed for control strategy identification can only target either
attractors or phenotypes, regions defined by the readouts or markers, and in many cases
do not identify all the minimal control strategies. In order to bridge these gaps, our
second approach focus on flexibility and exhaustiveness, allowing the identification of
all the minimal control strategies for a given target [9]. Identifying the minimal control
strategies for a generic target is a complex problem that might require in some cases
the full exploration of the state space. We use model checking techniques, which are
able to deal with large state transition systems by using symbolic representation, and
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develop a set of preprocessing steps to make the exhaustive identification accessible for
networks of practical relevance. The method allows full flexibility on the definition of the
target, making it suitable for any type of control goal. We show the applicability of our
approaches to some biological case studies.
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Some aspects of mathematical modelling of cell cycle

Ryszard Rudnicki [rudnicki@us.edu.pl]

Institute of Mathematics, Polish Academy of Sciences, Poland

Modeling of cell cycle is one of the fundamental subject of mathematical biology because
it could help to solve such problems as synchronization of cell division in cancer therapy
and allows to understand dynamics of growth of cellular populations (e.g. tissues). There
are many different models of cell cycles – some of them are based on application of
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semigroups of operators. In my talk I am going to give a short introduction to this
subject. The main subject of my talk will be a new age-size structured model based
on the cell cycle length [1]. The model is described by a first order partial differential
equation with initial-boundary conditions, which leads to a positive semigroup on some
L1 space. We establish new criteria for an asynchronous exponential growth of solutions
to such equations. A discussion on the generalizations of the model will be a good excuse
to present some new challenges in cell cycle modelling. We also compare some popular
hypotheses regarding the cell cycle with theoretical results and with existing data.
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A general model of immune status
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The immune status is the concentration of specific antibodies, which appear after infection
with a pathogen and remain in serum, providing protection against future attacks of that
same pathogen. Over time the number of antibodies decreases until the next infection.
During fighting the invader the immunity is boosted and then the immunity is gradually
waning, etc. The densities of antibody concentration satisfy some partial differential
equation with an integral boundary condition, which generates a stochastic semigroup.
We present general results concerning asymptotic stability and sweeping of stochastic
semigroups [1] and then we apply them to our model [2]. We also analyze special cases
of the model, e.g. when immunity decreases exponentially; with constant increase of
antibodies after infection; with a threshold concentration of antibodies at the re-infection;
and with seasonal infections.
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A hybrid stochastic model of retinal angiogenesis
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Understanding the biological principles that govern blood vessel growth in the retina
has important clinical implications, for the prevention of possible retinopathies, which
may eventually lead to blindness. We present a mathematical model that describes
vessel formation by branching diffusion of Langevin type with chemotaxis due to fields
of concentrations governed by PDEs. The model leads to numerical simulations that
somehow reproduce normal vascularization, and predict possible pathologies. We call our
model hybrid since it includes the coupling of a fully stochastic model for the construction
of a vessel network in the retina, with continuum underlying fields describing relevant
factors, such as growth factors and oxygen.

Modelling mechanical interactions with a fibrous extracellular matrix
using a hybrid cellular Potts model and molecular dynamics frame-
work.

Erika Tsingos1, Bente Hilde Bakker1, Koen Keijzer1, Hermen Jan Hupkes1, Roeland
Merks1,2 [e.tsingos@math.leidenuniv.nl]

1Mathematical Institute, Leiden University, The Netherlands, 2Institute for Biology, Leiden
University, The Netherlands

Animal cells are surrounded by extracellular matrix (ECM) fibers spun into vast protein
networks with non-trivial topology and bulk mechanics. Mechanical reciprocity between
cells and the ECM plays a central role in fundamental processes such as cell migration
and tissue morphogenesis [1]. Current mathematical modelling approaches suffer from
a key limitation: They either model ECM fiber networks in detail but simplify cells [2],
or, vice-versa, they model cells in detail but average ECM structure [3]. As a result,
existing models do not fully capture key mechanobiological phenomena such as cell-induced
strain-stiffening and contact guidance.

To address this gap, we introduce a cell-based model based on the cellular Potts formalism
hybridized with a discrete ECM fiber model based on molecular dynamics (MD). We model
fibers as bead-spring chains with linear elastic potentials between consecutive beads and
linear bending potentials between consecutive bead triplets. Fibers can be mechanically
coupled via crosslinkers, and cells link to fibers via discrete focal adhesion-like sites.

We simulate a common experimental setup in the field of cellular biomechanics consisting
of an isolated contractile cell embedded in a fiber network. We demonstrate how several
parameters including fiber number, fiber crosslinks, and number of adhesion sites affect
network strain and local fiber density, showing that the underlying dynamics of the model
suffice to reproduce published experimental observations. We end by showing preliminary
work on cell-cell interactions and discuss how the model can be used to study how complex
multicellular behavior emerges from mechanical interactions with the ECM, e.g., during
blood vessel formation.
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Identifying parameter regions for oscillations in reaction networks
models
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Parametric differential equations’ models of biochemical reaction networks often show
oscillations. Finding parameters values for oscillations usually involves an application
of a Hopf bifurcation criterion where the signs of the Hurwitz determinants have to be
determined. The Hurwitz determinants are large parametric polynomials whose dominant
terms can determine their signs. We propose a method for finding dominant terms in
the Hurwitz determinants associated with the product of diagonal entries in the Hurwitz
matrix. The method is applied to a cyclic dual phosphorylation network showing periodic
concentrations.

Other

Topological transitions in fluid lipid membranes: activation energy
and force fields

Matteo Bottacchiari, Mirko Gallo, Marco Bussoletti, Carlo Massimo Casciola [mat-
teo.bottacchiari@uniroma1.it]

Sapienza University of Rome, Italy

Biological membranes are formed by a fluid lipid bilayer which can be described not only
from a biochemical perspective but also from a mechanical one. The most important
example of fluid lipid membrane is the plasma membrane, which defines the boundary
between the inside and outside of cells. Topological transitions of fluid lipid membranes
are involved in most of the fundamental processes of cell life. For example, they are
required for endo- and exocytosis, for cell division, for viral infections, or to enable
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neurotransmitters to cross the neural synapses.

Inspired by the idea that fusion and fission proteins could have evolved in Nature in order to
carry out a minimal work expenditure, we evaluate the minimal free energy pathway for the
transition between two spherical large unilamellar vesicles and a dumbbell-shaped one. To
address the problem, we successfully use a new Ginzburg-Landau type free energy, which,
coupled with a rare event technique, allows us to numerically simulate without interruptions
the whole, full-scale topological transition. The free energy functional approaches the
Canham-Helfrich Hamiltonian in the limit of small width-to-vesicle-extension ratio, even
accounting for the Gaussian energy term, which plays a crucial role during the topological
changes due to the celebrated Gauss-Bonnet theorem of differential geometry.

The approach is capable of computing the force fields needed to overcome the energy
barriers involved both in the fusion and fission process. The obtained forces are in excellent
agreement, in terms of intensity, scale, and spatial localization with experimental data on
typical fission protein systems, whereas they suggest the presence of additional features
in fusion proteins. Even these last suggestions can be investigated with the presented
method.
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A drug release model for functionally graded spherical micro-capsules

G. Pontrelli [giuseppe.pontrelli@gmail.com]
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Spherical drug carriers are among the most common formulations for a controlled release
system. Microcapsules are small spherical particles that consist of a drug-filled core or
internal phase surrounded by a continuous polymeric coating. Analysis of the diffusion-
controlled system are confined to homogeneous spheres where an analytical solution is
available [1], and various mathematical models have been proposed over the years to
describe the drug release from this system, including layer-by-layer models [2]. By today’s
micro-engineering potential, it is possible to fabricate and control the material properties
of the substrate to have the desired smart release and drug kinetics characteristics. Based
on the current technology of encapsulation [3] the present analysis applies to functionally
graded microcapsules. We develop a mechanistic model to describe drug transport within,
and release from, the drug-loaded spherical capsule considering a continuously changing
material along the radius, that extends the multi-layer model family. The problem is
described by a diffusion-reaction equation coupled with a boundary condition modelling a
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surface finite mass transfer resistance, which corresponds to the case of a coated capsule.
We derive a closed-form analytical solution for the concentration in the sphere, based
on an eigenfunction expansion. Following the ideas in [4], a hybrid numerical-analytical
solution for the formulated diffusion-reaction model with space-dependent coefficients
is obtained, combining the formal analytical integral transform solutions for nonlinear
diffusion problems with the hybrid solution of general Sturm-Liouville problems through
the integral transform method itself [5]. The associated differential problem is solved
through the Generalized Integral Transform Technique, by choosing a simpler form for the
auxiliary eigenvalue problem. Radial concentration profiles in the sphere and drug release
curves are shown and the dependence and sensitivity of the solution on the parametric
functions are analyzed.
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Working within constraints: Possible feedback mechanisms for cellu-
lar mechanosensation

Josephine Solowiej-Wedderburn, Carina Dunlop [j.solowiej-
wedderburn@surrey.ac.uk]

Department of Mathematics, University of Surrey, UK

Cells are active systems that respond to their environment. Indeed, it is becoming increas-
ingly apparent that physical force and the mechanical properties of their microenvironment
play a crucial role in determining cell behaviour. Cellular contractility is a key mechanism
for mechanosensation. We take a continuum-mechanics active stress approach to describe
the mechanosensory mechanism of a cell adhered to a substrate. The model context
focuses on the most common biophysical experimental set-ups investigating cellular con-
tractility, which infer the cell-generated force from observed substrate deformations. In
particular, we include different patterns of adhesion between the cell and substrate in our
model to show that the shape, size and distribution of adhesive patches have significant
implications for cellular mechanosensation[1]. We use this model to explore the unresolved
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question of how cells may alter their contractile response to mechanical environmental
cues. Here, we consider the hypothesis that a cell may conserve a particular strain energy
across different mechanical cues and investigate how this may lead to the regulation of
cellular contractility. Specifically, we consider two potential constraints. The first is on
the substrate strain energy – an experimentally measurable quantity equivalent to the
work done by a cell on its environment. The second is on the active strain energy – a
theoretical quantity which accounts for the work done by the cellular contractile network.
We explore how cellular contractility must alter in order to maintain either of these
constraints on different stiffness substrates. As different distributions of adhesion and
contractility may have significant effects on cellular mechanosensation[1,2], we investigate
the implications of these factors on cellular contractility. Gaining a better appreciation of
how cellular mechanosensory systems function may have significant implications for both
tissue engineering applications and in understanding how mechanical factors affect the
development and progression of a broad range of diseases such as cancer, osteoporosis,
or cardiomyopathies.

References
[1] J. Solowiej-Wedderburn and C.M. Dunlop, Sticking around: Optimal cell adhesion
patterning for energy minimization and substrate mechanosensing, Biophys. J., 2022
[2] C.M. Dunlop, Differential cellular contractility as a mechanism for stiffness sensing,
New J. Phys. 21(6):063005, 2019

Minimal Reaction Schemes Exhibiting Turing Instabilities
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Turing instabilities in spatially continuous media are often studied through illustrative
systems of differential equations for two (or more) scalar variables corresponding to
the concentrations of interacting chemical species, for example the Schnakenberg or
Brusselator models. These models contain polynomial nonlinear terms of cubic order
which imply, at the level of individual chemical reactions, three molecules interacting
simultaneously; trimolecular reactions. Such trimolecular reactions are however, improbable
and therefore unphysical. Further, their high order can complicate spatial simulations
of reaction-diffusion systems. Arguments that cubic terms might arise due to the rapid
formation of intermediate complexes serve only to increase the conceptual complexity of
the underlying chemical processes.

By focussing on simple PDE models of two-species systems under the assumptions of
mass-action kinetics and large particle numbers, we show that trimolecular reactions are
in fact not necessary for a Turing instability to occur. Restricting to only reactions of
at most second order, and by recasting the local linear stability and spatial instability
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conditions into requirements on reaction stoichiometries, we are able to establish necessary
conditions for Turing instability. In turn, this allows us to deduce lower bounds on the
necessary numbers of reactions of different orders that must be present.

In conclusion we are able to present a classification of ‘minimal’ Turing-unstable reaction
schemes.

Neuromechanical Wave Resonance in Fluid Transport

Alexander Hoover [hoover.alexander@gmail.com]

Cleveland State University, USA

Recent studies have found that there are important biomechanical constraints that arise
from the timescales associated with neuromuscular activation and the elastic response of
flexible appendages or bodies. In jellyfish, the neuromuscular response is governed by the
interaction of pacemakers with the underlying motor nerve net that communicates with
the musculature. This set of equally-spaced pacemakers, located at the bell rim, alter their
firing frequency in response to environmental cues, allowing for different swimming modes
to be activated when sets of pacemakers fire in concert. In this work, we explore the
control of neuromuscular activation with a model jellyfish bell immersed in a viscous fluid
and use numerical simulations to describe the interplay between active muscle contraction,
passive body elasticity, and fluid forces. The fully-coupled fluid structure interaction
problem is solved using an adaptive and parallelized version of the immersed boundary
method. We then further explore the role of neuromechanical wave resonance in the
performance of other fluid transport systems.

Computational modeling of adhesion-independent confined cell mi-
gration

Wanda Strychalski [wis6@case.edu]

Case Western Reserve University

Cell migration is critical for many vital processes (wound healing, embryogenesis), as
well as harmful processes (cancer metastasis). Recent experiments highlight the diversity
in migration strategies employed by cells in physiologically relevant environments. In
3D fibrous matrices and confinement between two surfaces, some cells migrate using
round membrane protrusions, called blebs. In bleb-based migration, the role of substrate
adhesion is thought to be minimal, and it remains unclear if a cell can migrate without
any adhesion complexes. We present a 2D computational fluid-structure model of a
cell using cycles of bleb expansion and retraction in a channel with several geometries.
The cell model consists of a plasma membrane, an underlying actin cortex, and viscous
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cytoplasm. Cellular structures are immersed in viscous fluid which permeates them, and
the fluid equations are solved using the method of regularized Stokeslets. Simulations
show that the cell cannot effectively migrate when the actin cortex is modeled as a purely
elastic material. We find that cells are able to migrate in rigid channels if actin turnover
is included with a viscoelastic description for the cortex. Results also show that even
with actin turnover, a cell can become lodged when the channel geometry height varies.
Our study highlights the non-trivial relationship between cell rheology and its external
environment during migration with cytoplasmic streaming.

The influence of dynamical degrees of freedom on compass sensitivity:
A comparison between plant and migratory bird cryptochrome

Gesa Grüning1, Siu Ying Wong1, Luca Gerhards1, Fabian Schuhmann1,
P. J. Hore2, Daniel R. Kattnig3, Ilia A. Solov’yov1 [gesa.gruening@uni-oldenburg.de]

1Carl von Ossietzky Universität Oldenburg, Germany, 2University of Oxford, UK, 3University
of Exeter, UK

The magnetic compass of migratory birds is thought to rely on the radical pair mechanism
operating inside a cryptochrome blue-light photoreceptor [1]. It is imperative that the
radical pair exists in a non-equilibrium coherent state, long enough for the Earth’s magnetic
field to have an influence on the underlying coherent spin dynamics. Several interactions
weaken the coherence of the radical pair in a process called spin relaxation [2]. Here,
we investigate several dihedral and librational angles in the flavin adenine dinucleotide
(FAD) and tryptophan (Trp) radical pair inside cryptochrome from European robin in
order to characterise spin relaxation dependent on thermal motion. Through analysis
of cryptochrome dynamics, we have established the contribution of different degrees of
freedom to the coherence lifetimes of potential radical pairs inside cryptochrome. This
analysis relies on the time-dependent hyperfine interactions for the FAD and Trp radicals,
which permitted calculating the quantum yield anisotropy of the radical pair reactions in a
magnetic field. The quantum yield anisotropy is a measure for the sensitivity of the birds’
magnetic compass. The compass sensitivity and dynamical parameters were compared
for radical pairs in the cryptochrome of European robin and thale cress to conclude if a
motion optimization in the bird’s radical pair lead to a significantly better perception of
the magnetic field.
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Mean field model of single cell electroporation
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Electroporation is a phenomenon that takes place when a cell is immersed in a strong
enough electric field. The cell membrane which is mainly made up of a lipid bilayer behaves
like a dielectric separating two conductive media (the interior and exterior of the cell).
Charge accumulates on either side of the membrane creating a transmembrane voltage
(TMV). When the TMV surpasses a certain threshold the membrane permeability to the
exterior environment drastically increases. This induces an exchange between the cell and
its exterior medium and in particular enables certain molecules to enter the cell that could
not do so before [4].

Various models have been proposed over the years to explain this phenomenon at the scale
of a single cell. By far the most successful one was presented by Neu and Krassowska in
[2]. More recently [1], Leguebe et al have proposed a more accurate model however it
is phenomenological in nature and so it cannot explain the phenomenon. On the other
hand molecular dynamics simulations have enabled us to represent in extreme detail small
patches of cell membrane under the effect of an external electric field [3]. However these
simulations seem to contradict what one would expect according to the model from
Neu and Krassowska. Moreover, the patches of cell membrane that are computationally
feasible to simulate are too small to compare results with both models. Lastly, even
molecular dynamics seem to agree with experiments but only qualitatively. In practice
they consider electric pulse that are about two orders of magnitude stronger than the
ones used in experiments.

Our goal is to present a physically based, single cell electroporation model which is also
coherent when applied to a small patch of the cell membrane and which takes into
account pore interactions and dynamics. This is important as it enables us to make a link
current molecular dynamics simulations of a small patches of cell membrane and a global
description of the cell membrane.

Just like in past models we consider the cell membrane to be a closed surface Γ ⊂ R3.
The main idea is to use a phase ordering kinetics model to describe the state of the cell
membrane. An order parameter φ : Γ→ [−1, 1] will measure the phase (lipid or water) of
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the membrane at each position x ∈ Γ. The total free energy of the membrane also known
as the mean field Ginzburg-Landau excess free energy, will then determine the dynamics
of the membrane. It is given by the following expression

E [φ, V ] :=
κ

2

∫
Γ

| ∇φ |2 +

∫
Γ

W (φ)−
∫

Γ

Cm(φ)V 2 (0.2)

where V is the TMV , Cm the capacitance of the cell membrane, and W : R → R is a
(smooth) double-well potential such that W (x)→ +∞ as |x | → +∞.

We conclude this work with some simulations in the same setting as in the molecular
dynamics simulations using physically relevant coefficients in our model and compare our
results with current dynamical simulations.
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Is cell segregation like oil and water: asymptotic versus transitory
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Understanding the segregation of cells is crucial to answer questions about tissue formation
in embryos or tumor progression. Steinberg proposed that separation of cells can be
compared to the separation of two liquids. Such a separation is well described by the
Cahn-Hilliard (CH) equations and the segregation indices exhibit an algebraic decay with
exponent 1/3 with respect to time. Similar exponents are also observed in cell-based
models. However, the scaling behavior in these numerical models is usually only examined
in the asymptotic regime and these models have not been directly applied to actual cell
segregation data. In contrast, experimental data also reveals other scaling exponents and
even slow logarithmic scaling laws. These discrepancies are commonly attributed to the
effects of collective motion or velocity-dependent interactions. By calibrating a 2D cellular
automaton (CA) model which efficiently implements a dynamic variant of the differential
adhesion hypothesis to 2D experimental data from Méhes et al. [1], we reproduce the
biological cell segregation experiments with just adhesive forces. The segregation in the
cellular automaton model follows a logarithmic scaling initially, which is in contrast to the
proposed algebraic scaling with exponent 1/3. However, within the less than two orders
of magnitudes in time which are observable in the experiments, a logarithmic scaling
may appear as a pseudo-algebraic scaling. In particular, we demonstrate that the cellular
automaton model can exhibit a range of exponents ≤ 1/3 for such a pseudo-algebraic
scaling. Moreover, the time span of the experiment falls into the transitory regime of the
cellular automaton rather than the asymptotic one. We additionally develop a method
for the calibration of the 2D Cahn-Hilliard model and find a match with experimental
data within the transitory regime of the Cahn-Hilliard model with exponent 1/4. On the
one hand this demonstrates that the transitory behavior is relevant for the experiment
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rather than the asymptotic one. On the other hand this corroborates the ambiguity of the
scaling behavior, when segregation processes can be only observed on short time spans.
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The process of cell-sorting is essential for development and maintenance of tissues. With
the Differential Adhesion Hypothesis, Steinberg proposed that cellsorting is determined
by quantitative differences in cell-type-specific intercellular adhesion strengths. An imple-
mentation of the Differential Adhesion Hypothesis is the Differential Migration Model by
Voss-Böhme and Deutsch. There, an effective adhesion parameter was derived analytically
for systems with two cell types, which predicts the asymptotic sorting pattern. However,
the existence and form of such a parameter for more than two cell types is unclear. Here,
we generalize analytically the concept of an effective adhesion parameter to three and
more cell types and demonstrate its existence numerically for three cell types based on in
silico time-series data that is produced by a cellular-automaton implementation of the
Differential Migration Model. Additionally, we classify the segregation behavior using
statistical learning methods and show that the estimated effective adhesion parameter
for three cell types matches our analytical prediction. Finally, we demonstrate that the
effective adhesion parameter can resolve a recent dispute about the impact of interfacial
adhesion, cortical tension and heterotypic repulsion on cell segregation.

Quantifying Cytoskeletal Dynamics and Remodeling from Live-imaging
Microscopy Data

Kairui Li [kl239@st-andrews.ac.uk]

University of St Andrews, UK

The shape of biological cells emerges from dynamic remodeling of the cell’s internal
scaffolding, the cytoskeleton. Hence, correct cytoskeletal regulation is crucial for the
control of cell behaviour, such as cell division and migration. A main component of
the cytoskeleton is actin. Interlinked actin filaments span the body of the cell and
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contribute to a cell’s stiffness. The molecular motor myosin can induce constriction of
the cell by moving actin filaments against each other. Capturing and quantifying these
interactions between myosin and actin in living cells is an ongoing challenge. For example,
live-imaging microscopy can be used to study the dynamic changes of actin and myosin
density in deforming cells. These imaging data can be quantified using Optical Flow
algorithms, which locally assign velocities of cytoskeletal movement to the data. Extended
Optical Flow algorithms also quantify actin recruitment and degradation. However,
these measurements on cytoskeletal dynamics may be influenced by noise in the image
acquisition, by ad-hoc parameter choices in the algorithm, and by image pre-processing
steps. Existing Optical Flow algorithms do not provide tools to estimate uncertainty on
inferred velocity fields or remodeling rates that follow from these dependencies. This
hinders our progress on understanding actin and myosin dynamics. To address this, we
aim to combine Optical Flow algorithms with Gaussian Process regression. Our new
method will not be subject to manual parameter optimisation. It will be able to assign
velocity values at higher spatial resolution than previous methods and allow for uncertainty
quantification of inferred quantities. We test our methods using data on actin and myosin
densities in larval epithelial cells of Drosophila pupae. The development of our new
method will be a starting point for identifying differences in cytoskeletal movement and
remodeling under experimental perturbations. Our method will be applicable to other
datasets in which flow fields are present.
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Development
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Pancreas-derived organoids exhibit a wide range of motional and morphogenetic dynamics
throughout their development. We collected population-scale (macroscopic) quantitative
data on organoid formation and degeneration, organoid fusion, size oscillations, rotational
motion, and luminal dynamics. While these phenomena are observed on the organoid-level
(mesoscale), the driving components of self-organisation are the single cells (microscale).
The biomechanical properties of the cells, such as their elasticity, compressibility, adhesion,
production of signalling molecules, and active processes like cell migration and growth,
majorly impact the observed self-organisation processes.

To understand and quantify these properties and their interplay, it is important to identify
core principles from a largely heterogeneous data set. The organoids feature frequent size
oscillations, which are hypothesised to occur in response to an interplay of the elasticity
and the production of an osmotic active substance of the cells. Through secretion of an
osmotically substance and increase of osmotic pressure the organoids increase in size over
time until rupture and pressure relaxation.

Mathematical modelling allowed us to extract core principles driving these size oscillations
of the organoids. By deriving a scaling law from the organoid dynamics, we can identify a
dependence of the observed size oscillations and the cell proliferation dynamics. Further,
also the organoid size itself affects the frequency of organoid size oscillations. These
mathematical considerations are confirmed by a biomechanical 3D agent-based model.

The implemented model allows to investigate the interplay of the elasticity of the cells
and their production rate in more detail. Further, it provides a framework to analyse other
processes exhibited by the organoids.
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Untangling Notch-Bmp9 crosstalk signaling in angiogenesis using in-
tegrated simulations and experiments (talk)
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Angiogenesis, defined as the process leading to the formation of blood vessels from pre-
existing ones, is central in health and disease. Identifying the key players and unraveling
their interaction is therefore fundamental to develop groundbreaking medical therapies.
During angiogenesis, endothelial cells exhibit the phenotype of either tip (migratory) or
stalk (following) cells. The tip-stalk selection is regulated by Notch, a cell-cell signaling
pathway that is key for many cell fate decisions across tissues. The temporal dynamics
of Notch and tip-stalk selection strongly affect the vascular topology resulting from
angiogenesis [1]. Identifying new temporal regulators of Notch in angiogenesis might thus
enable a higher control of this process and potentiate the development of novel medical
strategies.

Previous studies have shown that an important signaling protein known as bone mor-
phogenetic protein-9 (Bmp9), whose signaling through its receptor Alk1 is involved in
diseases such as hereditary hemorrhagic telangiectasia (HHT), influences angiogenesis
and strongly affects the network topology [2]. These effects can be partially explained
by a crosstalk with Notch [2], but many observations remain unexplained. To overcome
these limitations, we combined computational simulations with experiments.

First, by coupling an ordinary-differential-equation (ODE) model [3] with qPcR and
Western Blot experiments, we demonstrated that Bmp9 upregulates Lunatic Fringe
(LFng), a protein known to enhance Notch activation by increasing ligand-receptor binding
affinity. Subsequent simulations and in vitro experiments in 2D and 3D confirmed that
LFng upregulation by Bmp9 mediates its effects on endothelial cells and angiogenesis.
Further simulations performed with the ODE model and a previous agent-based model
(ABM) [4] predicted that this occurs because Bmp9 and LFng regulate the temporal
dynamics of Notch and tip-stalk selection. These computational findings are being
validated via in vivo experiments in zebrafish. In vivo mouse experiments show that,
during angiogenesis, cells modified by knockout of Alk1 localize at the sprout front and
later form arteriovenous malformations that are typical of HHT. ABM simulations provide
an explanation for these results; in fact, they predict that cells modified via LFng knockout
localize at the sprout front, thereby suggesting that the disruption of Bmp9-mediated
LFng expression might be a mechanism that contributes to HHT.
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In conclusion, combining simulations and experiments demonstrate a yet unrecognized
upregulation of LFng by Bmp9 as a key mechanism for Bmp9-mediated regulation of
Notch and vascular morphogenesis.
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The self-organisation of cells into complex tissues relies on the differential control of growth
in different directions. While physical tissue rigidity enables anisotropic growth in epithelia,
its regulation in mesenchymal tissues, which lack this rigidity, is not understood. The
development of the skull, where a thin sheet of osteoblasts grows from the sides towards
the top of the head, serves as a paradigmatic example of mesenchymal tissue development.
Here, we show that anisotropic growth of the skull bones is achieved by feedback between
a differentiation driven stiffness gradient and resulting directed growth and cell movements.
Specifically, through imaging experiments and biophysical modelling, we mapped noise
in the interface between osteoblasts and mesenchymal cells to the mechanochemical
processes driving an osteoblast differentiation wave. The front dynamics are consistent
with a scenario where differentiation is regulated by local stiffness, which in turn is coupled
to cell fate, thereby generating a mechanochemical feedback loop. Our work proposes a
mechanism for anisotropic tissue growth and may contribute in elucidating the complex
interplay between chemistry and mechanics driving morphogenesis.

Understanding Gene Regulatory Control of Developmental Tempo
Using Dynamical Systems

Charlotte Manser, Ruben Perez-Carrasco [clm221@ic.ac.uk]
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Development is dynamic, with the timings and sequences of gene expression vital for
proper growth. Many of the genetic programs that have been evolved to coordinate these
sequences are common amongst species; however the timescale of these programs varies
greatly between species [1]. Differences in developmental tempo has been observed in
both cortical neurogenesis [2][3] and motor neuron differentiation [3]. This phenomenon
has been termed ’developmental allochrony’.

Two recent studies in this area have used stem cell technology to compare the tempo
of development for mouse vs human, one via somitogenesis [5] and the other through
motor neuron progenitor differentiation [6]. These studies both reach the conclusion that,
while the development of these species runs at different speeds, both share the same
cis-regulatory DNA components of the GRN, and thus that the tempo is controlled by a
separate timing mechanism. Protein degradation rates in particular are highlighted in both
studies as a possible control factor. However, the list of possible mechanisms of speed
control is long, and a purely experimental approach limits our view of field of possible
such workings.

My work focuses on how we can explore possible timing mechanisms through a mathe-
matical approach. This encourages the question, what mathematical framework can we
use to find timing mechanisms in development?

The framework I am exploring currently is through the use of ‘orbital equivalence’, which
is a property of two dynamical systems. If the two systems have the same orbit, ignoring
how quickly the orbits are traversed, then they are orbitally equivalent. This gives us a
way to measure how similar two dynamical systems are in terms of the developmental
program they follow, independently of their timescale.

I have used this notion successfully with the simplest of GRNs; the bistable switch. I have
found parameter sets which give multiple dynamical systems which are orbitally equivalent
but run at different speeds. This corresponds to two species with the same developmental
program running at two distinct timescales. The bistable switch is an excellent case study
for how this framework may lead to discovering timing mechanisms in more complex
GRNs, and eventually complete developmental programs.
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The interaction between cells and the microenvironment plays an important role in heath
and disease, including in tumor angiogenesis, metastasis and embryonic development [1,2,3].
A key component of the microenvironment is the so called extracellular matrix (ECM),
which consists of many small and large proteins that give mechanical support to cells
and also offers a medium for cell-cell communication [4,5]. Relative to the cell the ECM
consists of large fibers. Cells adhere to and sense the ECM via mechanosensitive contact
points called focal adhesions (FAs). FAs are large protein complexes, which dynamically
assemble and disassemble under the influence of mechanical force [6]. The mechanics
of focal adhesions has been studied and modeled using a mean-field approach for the
ECM [7].

Recently, our group has developed a hybrid Cellular Potts and Molecular Dynamics
Model that describes the mechanics of ECM fibers in detail (presented elsewhere in this
conference). Here we extend this model by introducing mechanosensitive FAs between
cells and ECM. The FAs are modelled individually (following [7]); they attach to individual
fibers and assemble and disassemble dynamically. Making the cell-ECM interaction explicit
in this way extends the scope of study with this model. For example, it provides more
detailed insights into the effect of ECM mechanics on cell shape and into durotaxis or
to study the relation between matrix remodelling by cells and contact guidance during
metastasis.
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Polarity driven pattern formation in bilayer geometries with crosstalk
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As intracellular dynamical systems gain more spatially-dependent components standard
linear algebra techniques to understand linear instability become cumbersome. Motivated
by concentric patterning of Notch1 expression observed in the mammary gland, we use
methods of pattern templating to derive smaller multilayer quotient systems that preserve
spatial information from the full system while allowing for an analytic approach to the
emergence of patterns. Applying concepts from monotone dynamic systems, we then
demonstrate the dominance of the templated pattern in the large-scale system by control
of cell polarity in each spatially-dependent signalling mechanism. Critically, these methods
of pattern analysis are independent of physical dimension and the number of cells in
the tissue and therefore facilitate the study of pattern formation in tissues throughout
their development. Applying our analytic methods to mammary organoids, we highlight
that intense receptor/activator polarity is required for the robust convergence of laminar
patterns of the Notch1 protein in an adhesion-dependent crosstalk system.

A quantitative framework for understanding cellular patterning: The
case of giant cells in the Arabidopsis thaliana leaf

Nicholas J. Russell, Pau Formosa-Jordan [nrussell@mpipz.mpg.de]

Max Planck Institute for Plant Breeding Research, Cologne, Germany

One of the major open questions in plant biology is how plants respond to internal noise
and how this noise can be beneficial to the plant, especially how it relates to cell-fate
decisions. Studies have proposed that an initial amount of stochasticity in the levels of
certain regulatory factors is necessary because it breaks the homogeneity of the initial set
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of undifferentiated cells. Some studies have investigated this phenomenon in different
cell types of the plant Arabidopsis thaliana. The Arabidopsis leaf epidermis contains
cells with four predominant cell fates: trichomes, stomata, pavement cells, and giant
cells. Currently, much work has been performed on trichome and stomata differentiation,
but relatively little is known about giant cells. In this talk, we will present research
towards an understanding of giant cell formation in the Arabidopsis thaliana leaf using
both experimental and theoretical approaches. We analyze the stochastic fluctuations
of the protein ARABIDOPSIS THALIANA MERISTEM LAYER1 (ATML1) in the cell
nucleus, which has been shown to regulate giant cell formation in sepals, by utilizing novel
time-lapse microscopy techniques and a recently constructed quantitative analysis pipeline.
Guided by our experimental work, we also present a mathematical model for giant cell
and pattern formation along with a comprehensive bifurcation analysis. Lastly, we present
computational simulations in a growing domain implementing stochastic fluctuations to
verify and supplement our experimental results. With this research, we hope to combine
our understanding of giant cell patterning with trichome and stomata patterning to gain
a complete picture of cell-fate decisions within the Arabidopsis leaf.

Using mean-field theory to explain orientational phase transitions of
microtubules in 3D

Cameron Gibson1, Tamsin A. Spelman1, Henrik Jönsson1,2,3 [cameron.gibson@slcu.cam.ac.uk]

1Sainsbury Laboratory, University of Cambridge, UK; 2Department of Applied Mathematics
and Theoretical Physics, University of Cambridge, UK; 3Computational Biology and
Biological Physics Group, Lund University, Sweden

Microtubules are active fibers continuously growing, shrinking, and interacting that form
one part of a plant cell cytoskeleton. Microtubules have been observed experimentally
to undergo spontaneous self-alignment similar to a nematic phase transition in liquid
crystals [1]. A mean-field theory (MFT) model has been developed to describe microtubule
dynamics in 2D [2], identifying a control parameter (dependent on physical parameters
of microtubule dynamics) which determines when an orientational phase transition can
occur.

Here we extend the 2D MFT to 3D to analytically and computationally analyze the 3D
phase transition. Using MFT by taking a continuum limit and formulating a set of density
variables that describe 3D microtubule dynamics, we consider which values of the control
parameter allow for a phase transition by solving the system’s equations perturbatively
from the isotropic state. We then validate our MFT model against simulations, which
uses a discrete model of microtubule dynamics [3], showing that increasing the control
parameter corresponds to increasing levels of anisotropy. We also investigate whether a
bound on the control parameter can be predicted by MFT and whether this matches the
values calculated from both simulations and experimental data.
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The MFT developed here can provide an analytical estimate of microtubule patterning
characteristics without running time-consuming models and may help bridge scales from
microtubule behaviour to multicellular simulations.

References
[1] Anne L Hitt, Alan R. Cross, and Robley Cook Williams, Microtubule solutions display
nematic liquid crystalline structure, The Journal of Biological Chemistry, 265 3:1639-47,
1990.
[2] Rhoda J. Hawkins, Simon H. Tindemans, and Bela M. Mulder, Model for the orien-
tational ordering of the plant microtubule cortical array, Phys. Rev. E, 82:011911, Jul
2010.
[3] https://gitlab.com/slcu/teamHJ/tubulaton

Mathematical modelling of phenotypic switching in collective cell mi-
gration
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Collective cell motility is a widely observed phenomenon in many biological scenarios,
particularly developmental biology and medicine. There have been a range of modelling
approaches developed to study these systems, but they rarely take into account population
heterogeneity, despite increasing evidence to support this as a major driver for cell migration.
Inspired by this missing element, our work aims to extend existing mathematical models
to include the presence of cell heterogeneity and phenotypic switching.

In the development of tumours, a heterogeneous population of cells is associated with
treatment failure and the recurrence of the tumour. This is because the tumour contains
cells with different properties, that coexist alongside one another. Two of the main drivers
of cell migration in tumour development include proliferation of cells, and degradation of
the surrounding extracellular matrix (ECM).

To model this, we consider a system of non-linear cross-dependent partial differential
equations of first and second order to represent the evolution of multiple cell populations
in space and time, which take the form of reaction-diffusion equations. We first consider 2
distinct cell phenotypes: where one has the ability to degrade the ECM and the other, to
proliferate[1]. As such, we also model the ECM density in time and see that the simplest
reduction of the equations displays a base case of the well-studied Fisher-KPP equation.

We develop this model to focus on the impact of introducing phenotypic switching
in the context of cell migration. By considering biologically relevant parameters, the
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system displays multiple spatially homogeneous steady states. In particular, the cell
populations can be entirely eliminated, or the cells can persist and exhibit coexistence,
whilst successfully invading. The model can then be extended to introduce environmental
dependence into our phenotypic switching mechanism, and multiple signalling cues. We
investigate how phenotypic switching, and particularly different forms of environmental
dependence, might impact collective cell invasion behaviour. We compare the case
of discrete phenotypic states with that of a continuum of states[2]. Beyond providing
insight into the qualitative behaviour of cell invasion models when cells are able to switch
phenotypes, these models could also be used to inform future treatment options for
related diseases.
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A new model of Notch signalling: Control of Notch receptor cis-
inhibition via Notch ligand dimers
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All tissue development and replenishment rely upon the breaking of symmetries leading to
the morphological and operational differentiation of progenitor cells into more specialized
cells. One of the main engines driving this process is the Notch signal transduction
pathway, a ubiquitous signalling system found in the vast majority of metazoan cell types
characterized to date. Broadly speaking, Notch receptor activity is governed by a balance
between two processes: 1) intercellular Notch transactivation triggered via interactions
between receptors and ligands expressed in neighbouring cells; 2) intracellular cis inhibition
caused by ligands binding to receptors within the same cell (recent reports have also
unveiled evidence of cis activation). Whilst context-dependent Notch receptor clustering
has been hypothesized, to date, canonical Notch signalling has been assumed to involve
an interplay between receptor and ligand monomers. In this study, we have investigated if
ligands can undergo dimerization/oligomerization and the potential role of this process
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in Notch signalling. We demonstrate biochemically, both in vitro and in tissue culture
cells, that Notch ligands can efficiently self-associate. Through a mutational analysis of
DLL4, we find that the membrane proximal EGF-like repeat is necessary and sufficient
to promote this interaction. Mechanistically, our experimental evidence supports the
view that DLL4 ligand dimerization is specifically required for cis-inhibition of Notch
receptor activity. To further substantiate these findings, we have adapted and extended
existing ordinary-differential equation models of Notch signalling, to take account of
the ligand dimerization-dependent cis-inhibition reported here. Our new model faithfully
recapitulates our experimental data and in several cases matches published data better
than previous models of Notch signaling. Collectively, our work favours a model in which
net output following Notch receptor/ligand binding results from ligand monomer-driven
Notch receptor transactivation (and cis activation) counterposed by ligand dimer-mediated
cis-inhibition.

Hatching on a budget: The economized energy expenditure of beetle
embryos

Zoë Lange1, Marc Pereyra Marí1, Franziska Krämer2, Mariia Golden2, Melanie
Mößer1, Tim Liebisch1, Frederic Stobl2, Ernst H. K. Stelzer2, Franziska Matthäus1

[zlange@fias.uni-frankfurt.de]
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2Buchmann Institute for Molecular Life Sciences, Universität Frankfurt am Main, Ger-
many

Oviparous animals are a biological example of a thermodynamically quasi-isolated system.
Additional to the genetic code, most energy and matter necessary for embryo development
is stored inside the egg from the time point of fertilization up to the time point of
hatching. It remains controversial how energy is stored and transferred, especially in
quiescent periods between large-scale deformations. Here, we study extra-embryonal
tissue dynamics in two key processes during embryo development, gastrulation and dorsal
closure, in the serosa membrane of the red flour beetle Tribolium castaneum. We argue
that energy in the serosa membrane is close-to-fully conserved between serosa window
closure during gastrulation and dorsal closure. We identify active and passive processes
with sub-cellular resolution using 3D non-invasive velocity and stress estimation techniques.
We localize the point of origin of forces driving tissue-scale deformation. We believe that
this study of extra-embryonal tissue dynamics signifies the importance of studying both
mechanics and thermodynamics in embryogenesis.

Pattern formation in Mechanochemical models

Nesenberend [d.n.nesenberend@math.leidenuniv.nl]
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In biology, self organisation and pattern formation happen on many different scales. For
example in embryonic development, a homogeneous clump of cells evolves into a complex
organism. Mathematical modelling is an excellent tool to get a grip on the mechanism
behind the formation of patterns. One of the first models, by Alan Turing [1], describes
two chemicals, a short range activator and a long range inhibitor that show diffusion
driven pattern formation. However, research has shown that mechanical cues play an
important role in tissue deformation [2,3].

We study so-called mechanochemical models that describe the deformation of a surface
depending on a diffusing morphogen [4]. In these type of models, the curvature of the
membrane takes on the role of the inhibitor. We use tools such as numerical simulation
and Geometric Singular Perturbation Theory to investigate the potential occurrence of
patterns [5].
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Advanced Modelling of Multicellular Systems in Morpheus
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Computational modeling is increasingly important to analyze tissue dynamics during
development and disease progression. Thus, a growing community of (computational)
biologists is seeking solutions to construct and simulate multicellular models. A number of
software tools have been designed in order to alleviate the computational challenges, but
require scientists to encode their models in an imperative programming language. Morpheus
[1], however, was established as the first extensible open-source software framework
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featuring declarative multicellular modelling (MorpheusML) and is thus applicable by a
broad community, including experimentalists and trainees.

We present how MorpheusML [2] and our open-source framework [3] allow for advanced
scientific work-flows that meet today’s requirements of educational use, interdisciplinary
research groups, and also data driven modelling approaches of expert users.

In brief, MorpheusML provides a bio-mathematical language describing fundamental cell
behaviors, intra- and extra-cellular processes, and supplies data handling . Symbolic
identifiers in mathematical expressions describe the dynamics of and coupling between
the various model components. It can represent the spatial aspects of interacting motile
cells as well as regulatory systems on tissue, cell and subcellular cell membrane level.

Following the rules of separation of model and implementation, our user-friendly GUI
can be used to map multicellular models to MorpheusML, to embed an SBML model to
account for known regulatory paths and to apply the model on experimental scenarios, e.g.
derived from microscopy imaging. A numerical simulation is then composed by scheduling
predefined components in the simulator.

Morpheus’ parameter estimation and model selection is embedded into the meta-framework
FitMultiCell [4], composing Morpheus and pyABC into a high-throughput and high-content
data tool that is crucial for the understanding of multicellular processes, the prediction of
perturbation experiments and the comparison of competing hypotheses.
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Influence of the free energy form on modelling of biosilica patterns
formation in diatoms

Svetlana Petrenko, Karen Page [s.petrenko@ucl.ac.uk]
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Diatoms are unicellular photosynthetic algae. The frustule, cell wall, of diatoms is formed
by silica deposition vesicle (SDV), within which the water-soluble silicic acid, taken up
by diatoms from the environment, precipitates into amorphous silica. The structured
pattern of frustule are specific for every species of the diatoms. Furthermore, silaffins are
specialized proteins that form silicon oxide into nanospheres. Silaffins as well as LCPAs
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are both contained in SDV. Also, it is important to note the impact of the phosphate
ions on the phase separation of the organic component. In this work, we use phase
separation model to study the formation of aggregates of organic molecules. Thus, we
can assume that an organic template may be the guide of the silica structure formation.
In the considerate model, the phase-separation is coupled with chemical reaction and
dissociate into two components. The numerical simulation using COMSOL Multiphysics
software is presented. Various forms of the Gibbs free energy are tested, and their impact
on the patterns formation is shown.
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Testing a bistable switch model for the floral transition

Gabriel Rodríguez Maroto, Martina Cerise, Pau Formosa-Jordan, George Coupland
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During the adult vegetative phase, when exposed to the appropriate environmental stimuli,
plants undergo floral transition by initiating the switch from vegetative growth, during
which leaves are produced, to flowering. Tight regulation of the initiation of flowering
is critical for plant reproductive success as it can represent the difference between seed
development under advantageous or detrimental environmental conditions. For the model
plant Arabidopsis thaliana, the gene regulatory network (GRN) that controls how environ-
mental cues (day-length) and plant developmental state stringently regulate the timing of
floral transition involves a large number of components [1, 2]. In this work, we present
a quantitative approach to analyze the regulatory dynamics of the GRN responsible for
floral transition focused on the photo-periodic and ageing pathways at the shoot apical
meristem (SAM) of the plant.
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From a systems perspective, the logic of the central components of this GRN consists of
a bistable switch [3] that captures the transition from a vegetative to an inflorescence
state. Despite its central role, this bistable switch mechanism is not fully understood and
has not been quantitatively tested yet. We have formulated a non-spatial (single unit)
phenomenological model of the GRN network underlying the floral transition based on a
system of ordinary differential equations, and we have performed bifurcation analysis and
numerical simulations across parameter spaces. Interestingly, the model shows different
scenarios in which there is a transition from an initial stable vegetative state, defined
by a strong flowering inhibition conferred by floral repressor genes (APETALA2 and
APETALA2-LIKE) [4], to a final stable inflorescence state, due to the repression of
negative floral regulators induced by increased expression of flowering promoting genes
(FRUITFULL and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 [5]). No-
ticeably, the model is able to capture the significant influence of both daylength and a
age-associated developmental signal in the floral transition. To test the implications of
our model results, we have developed a methodology based on [6] to analyze confocal
microscopy images of SAMs expressing fluorescence reporters of the key regulators of
the floral transition. The implementation of this methodology to images of SAMs at
different stages of the floral transition will allow to obtain effective concentrations of
model’s components, and qualitative assess the model implications.

References
[1] A. Kinoshita, A. Vayssières, R. Richter, Q. Sang, A. Roggen, A. D van Driel, R. S
Smith, G. Coupland, "Regulation of shoot meristem shape by photoperiodic signaling and
phytohormones during floral induction of Arabidopsis", eLife, vol. 9, 2020.
[2] Y. Hyun, R. Richter and G. Coupland, "Competence to Flower: Age-Controlled
Sensitivity to Environmental Cues", Plant Physiology, vol. 173, no. 1, pp. 36-46, 2016.
[3] K. Abley, P. Formosa-Jordan, H. Tavares, E. Y. T. Chan, M. Afsharinafar, O. Leyser,
and J. C. W. Locke, “An ABA-GA bistable switch can account for natural variation in the
variability of Arabidopsis seed germination time,” eLife, vol. 10, 2021.
[4] L. Yant, J. Mathieu, T. T. Dinh, F. Ott, C. Lanz, H. Wollmann, X. Chen, M. Schmid,
"Orchestration of the Floral Transition and Floral Development in Arabidopsisby the
Bifunctional Transcription Factor APETALA2", The Plant Cell, vol. 22, no. 7, pp.
2156-2170, 2010.
[5] V. Balanzà, I. Martínez-Fernández, S. Sato, M. F. Yanofsky, K. Kaufmann, G. C.
Angenent, M. Bemer, C, Ferrándiz, "Genetic control of meristem arrest and life span in
Arabidopsis by a FRUITFULL-APETALA2 pathway", Nature Communications, vol. 9, no.
1, 2018.
[6] B. Landrein, P. Formosa-Jordan, A. Malivert, C. Schuster, C. W. Melnyk , W. Yang,
C. Turnbull, E. M. Meyerowitz, J. C. W. Locke, H. Jönsson "Nitrate modulates stem
cell dynamics in Arabidopsis shoot meristems through cytokinins", Proceedings of the
National Academy of Sciences, vol. 115, no. 6, pp. 1382-1387, 2018.

371



Some Tools and Challenges in Hierarchical Morphogenesis

Andrew L. Krause [andrew.krause@durham.ac.uk]

Durham University, UK

As noted in Turing’s 1952 paper, while simple models can be insightful, they necessarily ne-
glect the real complexity of biological development, which involves numerous simultaneous
and sequential mechanisms in the development of an organism’s form. In this talk we will
overview recent work by ourselves and others in developing tools for modelling hierarchical
pattern formation [1]. For concreteness, we focus on Turing-type pattern formation,
emphasising complexities which can arise due to heterogeneous media or complex and
evolving domains, as well as coupled reaction-diffusion systems across temporal and
spatial domains. Despite progress made on several fronts, these more complex models
lead to important difficulties of interpretation [2]. Our goal is to highlight some of
these challenges, and suggest some ways forward in making progress understanding the
mechanistic basis of Darwin’s “endless forms most beautiful and most wonderful."
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The vasculature of plants is thought to be initiated through the formation of polarized
transport channels for the phytohormone auxin. The formation of these auxin transport
channels has been hypothesized to occur through a positive feedback of the auxin onto the
polarization of auxin transporters, including PIN1, in the plant cell [1]. The classic ’with-
the-gradient’ model, aka the canalization hypothesis [2], proposes that auxin transport
enhances further polarization of cells, thus enhancing further transport. More recently it
was shown that the ‘up-the-gradient’ model [3], which assumes that auxin is transported
to neighboring cells with the highest auxin concentration, can also explain the formation
of auxin transport channels [1]. Here we formally analyze this ‘up-the-gradient’ model for
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the case of the formation of transport channels [1,3]. We show that this model admits a
family of travelling wave solutions that is parameterized by the height of the auxin-pulse
[4]. We uncover scaling relations for the speed and width of these waves and verify these
rigorous results with numerical computations. In addition, we provide explicit expressions
for the leading-order wave profiles, which allows the influence of the biological parameters
in the problem to be readily identified. Our proofs are based on a generalization of the
scaling principle developed by Friesecke and Pego to construct pulse solutions to the
classic Fermi-Pasta-Ulam-Tsingou model, which describes a one-dimensional chain of
coupled nonlinear springs.
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Gene Networks

The Role of Ribosome Fluctuations and Translational Cross-talk in
Models of Gene Expression

Louis Headley, Ramon Grima [The University of Edinburgh, UK]
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The canonical kinetic model of gene expression treats translation as a single, unimolecular
reaction: m → m+ p. This approach abstracts away the molecular machinery required to
catalyse translation. It has been shown that when ribosomes are included in a system with
two genes, cross-talk between the two mRNA species can lead to an effective repression[1].
In this work we investigate two separate but related phenomena in a model with several
hundred genes. Firstly, whether stochastic fluctuations in ribosome copy number leads
to an observable change in the distribution of protein copy numbers. Secondly, whether
removing ribosomes from the pool of free ribosomes while they are actively translating
mRNA molecules leads to an observable cross-talk, or otherwise changes the protein copy
number distribution. This is done by introducing an intermediary species, r ∗, representing

373



an mRNA undergoing translation initiation, and splitting the translation step into two
separate reactions, m + r → r ∗ → m + r + p, where r represents free ribosomes.

Preliminary results show that ribosomal fluctuations are important when the protein copy
number is on the same order as the total number of ribosomes.
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Temporal variation of environmental stimuli leads to changes in gene expression. Since
the latter is noisy and since many reaction events occur between the birth and death
of an mRNA molecule, it is of interest to understand how a stimulus affects the tran-
script numbers measured at various sub-cellular locations. We construct a stochastic
model describing the dynamics of signal-dependent gene expression and its propagation
downstream of transcription. For any time-dependent stimulus and assuming bursty gene
expression, we devise a procedure which allows us to obtain time-dependent distributions
of mRNA numbers at various stages of its life-cycle, e.g. in its nascent form at the
transcription site, post-splicing in the nucleus, and after it is exported to the cytoplasm.
We also derive an expression for the error in the approximation whose accuracy is verified
via stochastic simulation. We find that, depending on the frequency of oscillation and the
time of measurement, a stimulus can lead to cytoplasmic amplification or attenuation of
transcriptional noise.

Dynamic model of cell transition in triple negative breast cancer

Torrisi G.1, Green T.2, Sander C.2, Schumacher L.1 [gtorrisi@ed.ac.uk]

1 Centre for Regenerative Medicine, University of Edinburgh, UK; 2 Department of Cell
Biology, Harvard Medical School, Boston, USA

Tissues can be seen as a complex system of a collection of cells in different states and
interactions between them. Creating a theoretical framework for models of cell state
transitions is important to understand tissue behaviour in development and disease. To
complement data-driven approaches, we create models that address dynamics explicitly
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to improve predictions through mechanistic constraints and aid interpretability. Here, we
propose a dynamic model for the time evolution of cell states as a result of interactions.
Both gene-gene and cell-cell interactions are coupled together in a dynamic model for the
evolution of cell states. The dynamic model is inferred from rich perturbation data, such
as single-cell measurements of the gene expression response to many diverse perturbation
experiments. We apply this modelling framework in the context of the immune response
to triple-negative breast cancer and outline the potential to integrate multimodal data.

Emergent dynamics of a three-node regulatory network explain phe-
notypic switching and heterogeneity: a case study of Th1/Th2/Th17
cell differentiation

Atchuta Srinivas Duddu1, Sauma Suvra Majumdar2, Sarthak Sahoo1, Siddharth
Jhunjhunwala1,Mohit Kumar Jolly1 [atchutaduddu@iisc.ac.in]
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Naïve helper (CD4+) T-cells can differentiate into distinct functional subsets including Th1,
Th2, and Th17 phenotypes. Each of these phenotypes has a ’master regulator’ – T-bet
(Th1), GATA3 (Th2) and RORγT (Th17) − that inhibits the other two master regulators.
Such mutual repression among them at a transcriptional level can enable multistability,
giving rise to six experimentally observed phenotypes – Th1, Th2, Th17, hybrid Th/Th2,
hybrid Th2/Th17 and hybrid Th1/Th17[1][2][3][4]. However, the dynamics of switching
among these phenotypes, particularly in the case of epigenetic influence, remains unclear.
Here, through mathematical modeling, we investigated the coupled transcription-epigenetic
dynamics[5] in a three-node mutually repressing network to elucidate how epigenetic
changes mediated by any ’master regulator’ can influence the transition rates among
different cellular phenotypes. We show that the degree of plasticity exhibited by one
phenotype depends on relative strength and duration of mutual epigenetic repression
mediated among the master regulators in a three-node network. Further, our model
predictions can offer putative mechanisms underlying relatively higher plasticity of Th17
phenotype as observed in vitro and in vivo. Together, our modeling framework characterizes
phenotypic plasticity and heterogeneity as an outcome of emergent dynamics of a three-
node regulatory network, such as the one mediated by T-bet/GATA3/RORγT.
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Spatiotemporal pattern formation in living organisms is ubiquitous in nature, for instance,
during embryonic development [1], morphogenesis [2], organization of neural networks
[3,4] and patterns on body (wing/skin/fur) [5]. Though the reaction-diffusion systems
enabling pattern formation have been studied phenomenologically, the bio-molecular
mechanisms behind these processes has not been modeled in detail. Here, we study the
emergence of spatiotemporal patterns due to commonly observed synthetic two- and
three-node gene regulatory network motifs coupled with their molecular diffusion in one-
and two-dimensional space. We investigate the patterns formed due to the coupling of
inherent multi-stable and oscillatory behavior of toggle switch (two mutually repressing
nodes), toggle switch with double self-activation, toggle triad (three mutually repressing
nodes) and repressilator (three nodes repressing the other sequentially in a cyclic manner)
with the effect of spatial diffusion of these molecules. We probe various parameter regimes
corresponding to different regions of stability (monostable, multi-stable, oscillatory) and
assess the impact of varying diffusion coefficients too. This analysis offers valuable insights
into the design principles of pattern formation facilitated by these network motifs, and
suggest mechanistic underpinnings of biological pattern formation.
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Model-based balancing of synthetic genetic switches in the stochastic
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One of the goals of synthetic biology is to achieve control of gene regulatory circuits to
regulate cellular functions for useful endeavors in industrial, biomedical, or environmental
applications. Control of biocircuits is therefore an active area of research, in which some
significant advances have been recently achieved including the antithetic control by Briat
et al., 2016 [1] and Aoki et al., 2019 [2], capable of robust perfect adaptation even in
presence of stochastic noise, and the balancing of toggle switches at the level of single cell
by Lugagne et al., 2017 [3]. Both results are based on integral (or proportional-integral)
control.

The inherent stochasticity of gene expression makes it very challenging to control gene
regulatory networks. The dynamics of stochastic gene regulatory networks is captured by
a Chemical Master Equation (CME) that is mathematically untractable in most realistic
scenarios. In this work, we exploit the approximation to the CME by means of Integro-
Differential Equation (PIDE) model developed by Pájaro et al., 2017 [4], which provides
an accurate representation of the dynamics of stochastic gene circuits, and can be very
efficiently solved by semilagrangian numerical methods [5]. Combining PIDE models with
feedback control theory, we develop strategies to drive and keep the protein levels on
isogenic cell populations at a target (pre-defined) stationary distribution. In particular, we
achieve the closed-loop stabilization of bi-modal toggle-switches in the stochastic regime
around an open loop state of low probability.
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We illustrate the performance of the control method for stochastic biocircuits proposed
by means of two different case studies of relevance in synthetic biology. The LacI-TetR
Toggle Switch stabilized previously by Lugagne et al. 2017 [3] around the unstable steady
state starting from an ODE deterministic model, and the CRISPRi toggle switch by
Santos-Moreno et al. 2020 [6] (a hallmark of CRISPR interference mediated regulation
systems, which to the best of author’s knowledge has not been previously subject to
stabilizing control). Both Toggle Switches are originally implemented in E. coli, and
as a future work we plan to apply our control methodology in vivo using a microfluidic
platform.
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WeSA: An improved, weighted, socioaffinity-based metric for filtering
and ranking interactions in noisy networks
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We present a new score, WeSA (weighted socioaffinity), which we tested on large protein-
protein interaction (PPI) networks and known protein complexes. In comparison to
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previous methods of assessing PPIs from affinity proteomics data [1,2], WeSA’s improved
modelling function can also use the information on differing intensity values across research
methodologies, which leads to up to 12% improvement in results. Moreover, the resulting
framework can absorb inter-study variability and, thus, integrate datasets and compare
observations across studies, including, from newer highly noisy immunoprecipitation
methods (e.g. [3]).

WeSA can filter many biological networks, such as the curated IntAct dataset [4], the
large BioPlex dataset [5], and even noisier results from ongoing IP-MS experiments.
For these PPI networks of varying accuracy, we are able to apply WeSA and recover
known core complexes as well as discover new components of more transient nature.
Another important contribution of the method is its potential to avoid the use of arbitrary
purification controls by recognising pan-proteome information. Finally, we apply the
framework to infer mechanisms and effects of protein variation (e.g. mutant vs wild
type).

In preliminary exploration, WeSA shows promise also when applied to other biological
association datasets such as Disease/gene-variant associations (GWAS) and Protein or
Protein family to Gene-ontology term relationships.
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Stochastic simulations of biological systems in fluctuating environ-
ments: the extrinsic Chemical Langevin Equation

Megan Coomer [mcoomer@student.unimelb.edu.au]

University of Melbourne, Melbourne, Australia

Modelling and simulation of complex biochemical reaction networks form cornerstones
of modern theoretical biophysics. Many of the approaches developed so far can capture
temporal fluctuations due to the inherent stochasticity of the biophysical processes,
referred to as intrinsic noise. Stochastic fluctuations, however, predominantly stem from
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the interplay of the network with many other — and mostly unknown — fluctuating
processes, as well as with various random signals arising from the extracellular world;
these sources contribute extrinsic noise. Here we provide a computational simulation
method to probe the stochastic dynamics of biochemical systems subject to both intrinsic
and extrinsic noise. Intrinsic stochasticity, captured by the Chemical Master Equation
(CME), can only be solved for a select few systems. This has spurred the development of
direct simulation methods, including Gillespie’s stochastic simulation algorithm (SSA).
These methods, however, quickly become computationally infeasible as the system size
increases; further difficulties arise when reactions occur at multiple timescales. Here we
can often make progress by employing continuous approximation methods such as the
Chemical Langevin Equation (CLE). On the flip side, there is no accepted framework to
model extrinsic noise, and methods that combine both noise sources are scarce. SSA
approaches can be adapted to include extrinsic sources of variability, but they suffer
similar computational drawbacks; existing approximation methods make assumptions
about the timescale regimes between the primary and extrinsic processes, ignoring the
process dynamics of the exogenous noise source. Sometimes ad hoc, and often physically
unfounded, extrinsic noise terms have been incorporated into CLE-like frameworks, but
this can lead to spurious and physically unrealistic system dynamics. Here we develop an
Extrinsic Chemical Langevin Equation — a physically motivated extension of the CLE—
to model intrinsically noisy reaction networks embedded in a stochastically fluctuating
environment. The Extrinsic CLE is a continuous approximation to the CME with time-
varying propensities. Here, noise is incorporated at the level of the CME, and can account
for the full dynamics of the exogenous noise process, irrespective of timescales and their
mismatches. The ECLE continues to accurately capture the first two moments of the
resulting probability density when compared with exact stochastic simulation methods,
while reducing the computation runtime by several orders of magnitude. The approach
provides a method that is practical, computationally efficient and physically accurate to
study systems that are simultaneously subject to a variety of noise sources.

From single cells to microbial consortia and back: stochastic chemical
kinetics coupled to population dynamics

Jakob Ruess [jakob.ruess@pasteur.fr]

Institut Pasteur, France

At the single-cell level, biochemical processes are inherently stochastic. Such processes
are typically studied using models based on stochastic chemical kinetics, governed by a
chemical master equation (CME). The CME describes the time evolution of the probability
distribution over system states and has been a tremendously helpful tool in shedding light
on the functioning of cellular processes. However, both in nature and the majority of lab
experiments, single cells are not living in isolation but are part of a growing population or
community. In such contexts, stochasticity at the single-cell scale leads to population
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heterogeneity and cells may be subject to population processes, such as selection, that
drive the population distribution away from the probability distribution of the single-cell
process. Here, I will present our work on augmenting the CME to construct models that
capture coupled dynamics of single-cell and population processes. I will then present an
optogenetic recombination system that allows one to partition yeast populations into
different cell types via external application of blue light to cells. I will show how this
system allows one to create and dynamically control simple artificial yeast consortia and
demonstrate how augmented CME models can be used to predict emerging population
dynamics from a specification of the single-cell recombination system.

Immunobiology and Infection

Determinants of passive antibody effectiveness in SARS-CoV-2 infec-
tion

Eva Stadler1, Khai Li Chai2,3, Timothy Schlub1,4, Deborah Cromer1, Mark N Polizzotto5,6,
Stephen J Kent2,7, Nicole Skoetz8, Lise Estcourt9, Zoe K McQuilten2,3, Erica M
Wood2,3, David S Khoury1, Miles P Davenport1 [estadler@kirby.unsw.edu.au]
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Neutralising antibodies are known to protect from SARS-CoV-2 infection [1]. There are
two ways to obtain protective neutralising antibodies against SARS-CoV-2: first, the body
can produce protective antibodies after vaccination and second, they can be transfered
(passive antibodies) either through convalescent plasma (CP) transfer, treatment with
hyperimmune immunoglobulin (hIVIG) which is produced from convalescent plasma, or
treatment with monoclonal antibodies (mAbs). We have used modelling to show the
level of antibodies needed for vaccine protection [1]. Here we combine data from 37
randomised controlled trials of CP, hIVIG and mAb treatment to investigate the effect of
timing of treatment and the level of passive antibodies required to protect from disease
progression.

Using a generalised linear mixed-effects model with binomial error family and logarithmic
link function, we find that earlier treatment significantly reduces the risk of disease pro-
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gression for all treatment types. To find the effect of the dose on treatment efficacy and
compare different monoclonal antibodies, we relate administered doses to the mean neu-
tralisation level of early convalescents. We fit a logistic model to the “dose-response” curve
of the efficacy of preventing progression from symptomatic infection to hospitalisation by
fold-convalescent dose. The estimated maximal efficacy of passive antibody treatment
is 70.2% (95% CI: 62.1 – 78.3%). Administered doses of convalescent plasma were
well below the dose required to achieve a near maximal protection, whereas monoclonal
antibody doses were between 7- and >1000-fold higher than the dose required to achieve
90% of the maximal effectiveness. We model and visualise the trade-off between treating
more patients with a lower dose and the decreasing efficacy at lower doses and find
that more hospitalisations can be averted with doses that achieve 90% of the maximal
efficacy.

This work suggests that treatment with a lower dose than currently used may prevent more
hospitalisations. Moreover, even if neutralisation of mAbs is decreased against variants
such as the Omicron variant, high doses of mAbs may still give some protection.
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Choice of Spatial Discretisation Influences the Progression of Viral
Infection within Multicellular Tissues
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There is increasing recognition of the utility of models of viral spread within the host
which are capable of representing spatial dynamics. A popular modelling choice is to use a
hybrid approach to the dynamics, where cells are represented as discrete regions of space,
whereas virus distribution is described by a density surface which diffuses across the tissue.
However, the multiple spatial scales implicit in such a model lead to complexities when
solving the system numerically. Specifically, the choice of spatial discretisation of the
virus surface - relative to the spacing of the cell grid - can have consequences for the
behaviour of the model. Here we probe the complex relationship between the choice of
numerics and the outcome of model simulations under a range of parameter settings.

Adaptive discrimination between harmful and harmless antigens by
predictive coding in immune system

Kana Yoshido1, Honda Naoki1,2,3 [yoshido.kana.63c@st.kyoto-u.ac.jp]
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The immune system induces appropriate responses depending on the risk of antigens.
Specifically, to harmful antigens such as pathogens, the immune system induces strong
responses to eliminate them. On the other hand, to harmless antigens such as food and
self-antigens, it induces weak or no responses to prevent unnecessary inflammation. In
addition, it is experimentally and clinically shown that the response to the same antigen
changes over time based on antigen experiences as seen in the onset and therapy of
allergy [1]. While it is well known that the immune system induces appropriate responses
depending on antigens and their experiences, it has not been elucidated how the immune
system discriminates between harmful and harmless antigens and it changes based on
antigen experiences.

In this study, we developed a mathematical model which describes immune responses based
on T cell population dynamics. Furthermore, we regarded immune system as learning
system which predicts the next antigen input and the consequent immune response, and
we introduced memory formation with predictive coding, where prediction is updated
based on prediction error between prediction and observation [2], into the model.

By the simulation, we found that the intensity of immune responses changed depending
on antigen concentration and its input rapidness. We also recapitulated the immune
suppression by administration of low dose of antigens as seen in allergen immunotherapy.
These results suggested that immune system discriminated between harmful and harmless
antigens based on antigen concentration and its input rapidness on the first experience of
the antigen, while on the subsequent experience the discrimination can change based on
antigen history by memory formation with predictive coding. Our findings suggested that
the antigen concentration-, input rapidness-, and history-dependent discrimination not
depending on kinds of antigens can be the universal mechanism by which immune system
generates the diversity of responses depending on kinds of antigens.
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Gradient flow of the heterogeneous cellular population and a T-cell
immune response model
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In embryonic development or the immune response, the population of various types of
cells is well organized. Depending on the temporal progression of the development or
the existence of the pathogen, the population has robust mechanisms to maintain an
appropriate cell number distribution over the space of types.

The fate of a single cell is often described as a unidirectional process of cellular differenti-
ation. Waddington illustrated it as a ball rolling down the hill to the valley [1]. Previous
studies have extensively investigated the picture from the dynamical systems point of
view. However, few studies are concerned with the theoretical foundation of this picture
at the population level.

Moreover, cells have to proliferate and die in parallel with the differentiation to regulate
the cell number distribution. Without an appropriate coupling among these cellular actions,
organisms could develop cancer. This coupling has also been elusive from a theoretical
point of view.

To this end, we develop a gradient flow framework for the heterogeneous cellular population.
Given a utility function on the space of cell number distributions, every infinitesimal step
of the gradient flow maximizes the increment of the utility under the biological cost . We
demonstrate that the gradient flow implies unidirectional differentiation and antagonistic
coupling between proliferation, death, and differentiation.

As a concrete example, we introduce the standard ODE model of T-cell population
dynamics in the acute immune response [2]. We show that the model is consistent with
our gradient flow.
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The immune system has adapted to fight many different infections, even in the wake of
rapidly changing epitope landscapes, such as those seen in influenza infections. Stochastic
modelling of TCR-epitope interactions may allow for deeper understanding of the dynamics
of the adaptive immune system. To understand these interactions we use TCR-epitope
recognition networks, specifically we use bipartite networks since they allow us to naturally
separate T cell clonotypes and epitopes, and use the edges to represent the recognition
profile of said clonotypes [1]. Using different network construction methods we generate
bipartite recognition networks that exhibit different degrees of T cell cross-reactivity. We
consider the case where cross-reactivity arises only by chance, and also the case where
it is based on the structure of the epitopes being presented. We make use of these
networks to simulate the dynamics of an initially naive T cell repertoire when exposed to
two different subsequent influenza virus infections.
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Targeting of IL-23 as immunotherapy in Irritable Bowel Disease, an
analysis of an extracted cytokine interaction network

Sofia Medina, Renaud Lambiotte, Eamonn Gaffney [sofia.medina@maths.ox.ac.uk]

Department of Mathematics, University of Oxford, UK

Targeted cytokine therapies are a classic method of treatment for Irritable Bowel Disease
(IBD). The standard target for such treatments is TNFα, however, up to 40% of patients
do not respond to TNFα treatment [1], leading to the need for alternate cytokine targets.
Early clinical trials suggest that patients may benefit from therapies targeting the cytokine
IL-23. As such, there is a growing interest in the therapeutic regulation of IL-23.

In this presentation, we use an experimentally inferred cytokine interaction network,
based on a novel network extraction method developed in our research group, giving a
framework through which to analyze the cytokine interactions associated with IL-23. We
provide insight into how specific cytokine interactions affect the regulation of IL-23, both
directly and indirectly, taking into account higher order interactions. We also inspect the
robustness of the extracted cytokine network and look for simplifications of the predicted
network. Using this simplified network, we distinguish between in vitro and in vivo dynam-
ics, highlighting the reaction of IL-23 to both direct and indirect stimulation. This model
provides insights into the mechanisms and actions of IL-23, which are otherwise costly
and difficult to obtain through conventional experimental methods.
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Logical models reveal the roles of MISA-type gene regulatory mo-
tifs in governing complex differentiation decisions made by immune
cells
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Effective immune responses depend on a carefully tuned balance between pro- and anti-
inflammatory signals. When correctly regulated, the immune system protects the body
against external pathogens and internal problems. However, misregulated immune re-
sponses can be deadly, leading to conditions such as sepsis. Proper regulation derives from
the collective behavior of diverse and dynamically shifting immune cell populations. Central
to this process is the differentiation of progenitor cells into effector cells. Extracellular
signals (cytokines) direct differentiation outcomes, and cells produce cytokines based
on their differentiation type. In this way, immune response regulation is highly dynamic,
depending on complex feedbacks between cells and their environment.

Mathematical models have established that the choice among differentiation states occurs
via Mutually-Inhibitory, Self-Activating transcription factors, which determine a cell’s
identity by specifying the set of genes it expresses. Interactions among these transcription
factors allow a cell to choose among distinct differentiation states. For example, for a
two-component MISA motif there are four possible differentiation states: (X,Y)=(low,low),
(low, high), (high, low), or (high, high). The final state adopted by a cell depends on
the signals it receives. When multiple MISA motifs are intercommunicating in a cell,
the outcome of a particular signaling environment can be difficult to understand and
predict.

To this end, we introduce readers to the MISA motif and to fuzzy-dynamic and Boolean-
dynamic methods for modeling gene regulatory networks. We then review the results of
four studies that use these methods to study immune cell differentiation [1-4]. Using a
three-dimensional visualization of the control systems, we identify the MISA motifs in
each network and showcase transcription factor interactions with molecular mediators
regulated by extracellular cytokines. We then use this viewpoint to understand the role of
the MISA motifs in observed cases of immune cell differentiation. Our perspective reveals
fundamental principles of gene regulation by MISA motifs and guides the development of
hypotheses about the network structures underlying novel cases of cell differentiation.
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Interaction between measles and influenza viruses

Jacques Bélair [Université de Montréal]
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Measles infection has een shown to alter the capacity of the immune system to properly
react to other infections by inducing memory suppression. We develop a simple model
of virus-virus interaction to represent the effect MeV may have on the behaviour of the
immune system confronted with exposure to the influenza virus. Qualitative as well as
quantitative analyses are employed to investigate the duration of infection and maximal
viral load.

Models of CMV transmission toward clinical translation

Tatiana T. Marquez Lago [tmarquez@uab.edu]
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Cytomegalovirus (CMV) is a frequent cause of tissue-invasive disease. For infants, it
presents a significant danger to health, being the most frequent cause of congenital
infection and a leading non-genetic cause of lifelong disabilities starting in childhood. For
immunocompromised individuals, on the other hand, CMV is a top cause of invasive
disease and severe complications and the most common infection complicating organ
transplantation, often resulting in serious disease and rejection of transplants.

Despite decades-long research and multiple trials, there is no licensed vaccine against
CMV infection yet, urging efforts to better understand its transmission dynamics. Lmited
knowledge about the dynamics and factors dictating CMV transmission hinder efforts
to prevent or manage infection, however, and so their quantitative clarification and
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data-based mathematical/computational models hold the potential to vastly improve our
ability to identify risks, develop novel controls, and manage and prevent infection.

Containment is very difficult as CMV transmission happens through contact with various
body fluids. Among all transmission modes, however, human milk ingestion is recognized
to have the largest global impact on population prevalence. Our project therefore studies
CMV transmission from mothers to babies, considering different factors and timescales,
as well as systematically and quantitatively studying the role and key interactions of the
human milk metabolome and microbiome. Our long-term goal is to engineer personalized
solutions and help advance the arrival of clinical resource, curbing CMV transmissions in
the most important spread modus.

In this talk, I will explain our findings thus far, and present a framework for translation
assisted by mathematical models and artificial intelligence.

Mathematical Epidemiology

Epidemiological dynamics in neighbourhoods of households

Abby Barlow, Ben Adams [ahb48@bath.ac.uk]

The University of Bath, UK

The dynamics of infectious disease epidemics are driven by transmission, transmission
depends on contact and contact patterns are determined by the relationships between
individuals. In this poster, we present a model which integrates metapopulation and
household modelling frameworks to examine epidemiological dynamics in neighbourhoods
of households in a city environment.
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We study an SAIRS (Susceptible-Asymptomatic infected-symptomatic Infected-Recovered-
Susceptible) epidemic model with vaccination, where the role of asymptomatic and
symptomatic infectious individuals is explicitly considered in the transmission patterns of
the disease. A peculiar feature of the recent Covid-19 pandemic is that asymptomatic
individuals play a significant role in the infection transmission [1,2,3]. Indeed, symptomatic
cases often remain unidentified and presumably have more contacts than symptomatic
cases, allowing the virus to circulate widely in the population. The contribution of the
so-called “silent spreaders” is relevant also for other communicable diseases, such as
influenza, cholera, and shigella [4,5,6,7]. Although models incorporating asymptomatic
individuals already exist in the literature, they have not been analytically investigated as
thoroughly as more famous compartmental models.

Our main scope is to fill this gap and provide a global stability analysis of the SAIRS model
based on the one proposed in [8], in which the authors provide only a local stability analysis.
In particular, in [9], we study the global asymptotic stability (GAS) of the disease-free
equilibrium (DFE) and provide results related to the global asymptotic stability of the
endemic equilibrium (EE). We found the expression of the basic reproduction number
R0 and prove that the DFE is globally asymptotically stable if R0 < 1 and unstable if
R0 > 1, condition under which a positive endemic equilibrium (EE) exists. We investigate
the global stability of the endemic equilibrium for some variations of the original model
under study and answer to an open problem proposed in [8].

Later, we generalize the SAIRS model to a multi-group model, which takes into account
different groups of individual among which an epidemic can spread [10]. However, the
problem of existence and global stability, especially for the endemic equilibrium, is often
mathematical challenging; unfortunately, for many complex multi-group models it remains
an open question, or requires cumbersome conditions [11]. Even though some results
on SIRS-type model in [11] and SEIRS-type model in [12] have been achieved, the
problem of existence and global stability of an endemic equilibrium for several multi-group
models remains open. Our results regard a generalization of those showed in [9] for the
multi-group SAIRS type model.
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Disease surveillance activities are often resource-limited so should be optimised to achieve
specific objectives. In a spatial context, the allocation of surveillance resources should
therefore be based on our knowledge of the spatial distribution of the disease. But how can
we account for extreme uncertainty in our understanding of the disease’s distribution?

Plasmodium knowlesi is a zoonotic strain of malaria that is increasingly found across
Southeast Asia. It is now the most common cause of malaria in Malaysia. Previous
surveillance of P. knowlesi malaria has been limited by diagnostic accuracy and available
resources. As a result, P. knowlesi malaria case data is sparse and highly spatially biased.
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There is now an active group of stakeholders working to facilitate study of P. knowlesi
malaria in Indonesia, including the facilitation of human disease surveillance at primary
healthcare centres. Given an existing geospatial statistical model of relative P. knowlesi
malaria risk [1] and specific stakeholder sampling objectives, we develop a flexible decision
workflow to support the selection of sites for human surveillance of P. knowlesi malaria,
quantifying study aims into an objective surface and considering a meaningful definition
of healthcare centre catchment area.
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Mathematical models showed that high test-and-treat coverage can lead to epidemic
elimination. However, the question of whether such coverage can be achieved voluntarily
in a population has not been addressed. In this project, we study the potential impact of
test-and-treat strategies on infectious disease epidemics, using mathematical modeling to
describe individual-level decision-making on whether or not to get tested.

We use mixed models, combining game theoretic and epidemic models expressed by
ordinary differential equations. Particularly, we discuss the SIS, SIR and SICAT models,
describing the epidemiologies of sexually transmitted infections, HIV and hepatitis C,
respectively.

In each case, we found that the elimination of an epidemic can be achieved if the perceived
per-test cost, is sufficiently low and negative (i.e., it is a per-test payoff), below a certain
given threshold that depends on disease parameters. In this case, individuals are prone
to voluntary test, over and over, and the epidemic can be eliminated. However, once
the epidemic is eliminated, the individuals quit testing and the epidemic can reemerge, in
which case individuals will later resume their testing behavior. Therefore, the epidemic
dynamics are not stable and elimination can only be reached temporarily.
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Trials and studies achieved variable rates of participation and testing among the eligible
individuals. To increase testing rates, and potentially achieve epidemic elimination, we
found that individuals must perceive a payoff, above a certain threshold, each time they
test voluntarily.
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Many infectious diseases continue to pose devastating public health and economic chal-
lenges across the world, and a high coverage of vaccination is a key measure to manage
infectious diseases. However, many vaccines may have only a partial protection effect, and
rely on a combination of decreasing disease transmission and/or favoring recovery. We are
interested in studying the impact of the use of an imperfect vaccine on the dynamics of
transmission of an infectious disease after a vaccination campaign while taking into account
the intensity of population turnover. We modified the mathematical model formulated by
S. Gandon et al. in [1] which considers a heterogeneous host population with respect to
vaccination by adding a recovered compartment and considering a frequency incidence
rate. We compute the basic reproduction number R0 and study the global stability of the
equilibrium points of the model. We assess the most influential parameters in the total
number of infected and the basic reproduction number by carrying out a sensitivity analysis
at three different time points (50, 100 and 200 days) and based on four scenarios defined
by the intensity of the turnover (weak and strong) and efficiency of the vaccine (weak
and strong) which can affect disease transmission. We show that under strong population
turnover, it is possible to drive the disease to extinction if the vaccination coverage is
greater than 69.6%(respectively 48.9%) for a weak(respectively strong) efficiency of the
vaccine designed to decrease disease transmission. Under weak turnover, we generate the
so-called honeymoon dynamics in which waves of infection occur in time. To drive the
disease to extinction, a strong vaccine efficiency is then recommended with a vaccination
coverage greater than 75.6%. And the disease will persist if a weak vaccine efficiency
is used no matter the vaccination coverage. Finally, when a negative trade-off occurs
between the efficacy of the vaccine to reduce transmission and to enhance recovery,
the disease can be eradicated but under a higher vaccination coverage than when no
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trade-off is assumed. These results inform on the necessary vaccination coverage to
achieve depending on the population turnover, efficacy and biological characteristics
(trade-offs) of the vaccine.
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The 2021-22 Avian Influenza (AI) outbreak in the UK is the largest in the country’s
history, with 140 infected premises as of 23 January 2022. AI poses a health risk to
poultry and wild birds, as well as a zoonotic risk to humans [1]. In addition to the direct
impacts of infections, control measures cause significant disruption to the poultry industry
[2], with the 2021-22 outbreak forcing free-range chicken and egg production to cease in
the UK. Consequently, a key challenge for policy makers is to determine interventions
that substantially reduce transmission while maintaining poultry industry productivity. We
present research that we conducted in real-time during the 2021-22 AI outbreak in the UK.
We fitted a spatially explicit epidemiological transmission model [3] to the outbreak data
to infer the values of the parameters governing transmission. The model includes both
direct transmission between premises and transmission into local host populations through
wild birds [4]. We then performed counter-factual analyses, to explore the impacts of
different control interventions, and constructed forward projections of future transmission.
Based on the data and our model simulations, we find that measures such as localised
active surveillance and culling within a limited distance of reported infected premises have
the potential to reduce the impacts of AI outbreaks while also constraining interventions to
a relatively small number of premises. Control measures enacted in combination have the
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potential to limit the negative effects of outbreaks. This research not only provides results
that are specific to the 2021-22 outbreak, but also provides an epidemiological modelling
framework that can be applied during future AI outbreaks in the UK and elsewhere.
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Plant pests and diseases often infiltrate and establish themselves into countries via
international trade. Domestic trade then can move the pest far beyond the point of
entry, making eradication efforts more difficult. For example, Oak Processionary Moth
was introduced from Europe to the UK in 2005 [1]. Although initially limited to London,
in 2019 approximately 60 interceptions of Oak Processionary Moth were found spread
across the country from recently imported trees [2]. This pattern of repeated invasions
and rapid spread is common in plant pests and diseases and underlies the importance of
identifying risks and control strategies in trade. While much attention has been given
to the structure of the international trade network, little is known about the within-UK
network structure. Large parts of plant movements are unregistered, and commercially
sensitive data are not widely available. Using sales data from four plant nurseries, we
constructed a directed and weighted network which incorporates heterogeneity in the
trading behaviour of plant traders. We found that nurseries specialise sales towards one
of the four customer groups (commercial, consumer, nursery, retailer). This allowed
us to group the nodes into four classes differing by sales patterns, with trade volumes
and the number of customers highly variable within and between classes. We found
that the traders’ out-degrees approximately follow a negative binomial distribution while
consignment sizes follow log-normal distributions, differing per customer group. To analyse
the structure of the resulting network and the impact of model parameters, we used
weighted and unweighted centrality measures to identify node groups that are most at risk
of transmitting pests or diseases. Using the hubs, authorities and betweenness measures
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we inferred that, in a weighted network, retailers were most at risk of acquiring infection.
Additionally, nurseries which specialise in sales to retailers are more likely to cause the
largest outbreaks and nurseries which specialise in sales to other nurseries increase the
rate of transmission across the entire network. In contrast, in an unweighted network all
nurseries were of highest risk to infection. Also, nurseries which specialise their sales to
other nurseries caused the largest outbreaks and nurseries which specialise their sales to
retailers raise the rate of transmission across the entire network. We also studied how
volume of sales affected the infection and found that in networks where nurseries buy
larger volumes of plants, all nurseries were more prone to infection. The distribution of
nursery types was shown to only have a significant effect on network centrality measures in
extreme cases where most nurseries specialised their sales to one customer type. Overall,
the betweenness for retailers was lower than for nurseries, indicating that inter-nursery
trading would have significant effect on disease transmission before reaching customers.
Finally, the relative magnitude of centrality measures per node group did not change
when removing customers from the network, suggesting that customers do not contribute
significantly to the structure of the network.

References
[1] Forest Research, Oak processionary moth (Thaumetopoea processionea), No date
given , Available at: https://www.forestresearch.gov.uk/tools-and-resources/fthr/pest-
and-disease-resources/oak-processionary-moth-thaumetopoea-processionea/, Accessed:
28/03/2022.
[2] Forest Research, FAQ – Oak processionary moth interceptions and strengthened na-
tional measures, 2019, Available at: https://www.forestresearch.gov.uk/documents/7265/OPM_legislation_FAQ_FINAL_update
_02.08.2019.pdf, Accessed: 28/03/2022

Difference in Epidemic Dynamics under Varying Isolation Monitoring
Strategies, Workload Capacities, and Pathogen Characteristics

Yang Yue1, Freya Shearer1, David Price1,2, James McCaw1 [yyue@student.unimelb.edu.au]

1The University of Melbourne, Australia; 2The Peter Doherty Institute for Infection and
Immunity, Australia

Detection of infectious individuals combined with case isolation either at home or in a
medical facility reduces transmission of an infectious disease. The level of compliance with
isolation is a crucial factor in determining the impact of isolation on epidemic dynamics.
By assuming perfect compliance, the effectiveness of isolation at reducing the spread of
infection is likely to be overestimated. The level of compliance will depend on a range of
societal, health system, and pathogen factors. Public health authorities may enact a range
of strategies to improve compliance, including frequent monitoring (e.g., daily phone calls
or home visits). Such strategies are resource-intensive, and so health system capacity is
likely to be exceeded when caseloads are high, reducing intervention effectiveness.
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A stochastic compartmental model framework was developed to consider different rela-
tionships between caseloads, public health workload, and case isolation. In this talk, I
will present findings from an exploration of the difference in epidemic dynamics under
varying isolation monitoring strategies (with associated levels of compliance and workload
implications), workload capacities, and pathogen characteristics.

Antigenic escape under variable vaccination coverage: a simple evo-
epidemic model

Maria A. Gutierrez1, Julia R. Gog1,2 [mag84@cam.ac.uk]

1Department of Applied Mathematics and Theoretical Physics, University of Cam-
bridge, UK; 2JUNIPER – Joint UNIversities Pandemic and Epidemiological Research,
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Vaccines have been key in controlling the COVID-19 pandemic through the reduction
in the number of cases and deaths, but they will likely also play a role in viral evolution.
The appearance of a vaccine escape variant might cripple our progress in controlling the
pandemic. Hence, understanding how vaccination campaigns change the escape risk is of
central importance. In this mathematical study, we use two simple SIR compartmental
models. We show that depending on the contribution of cases in vaccinated hosts to the
global evolutionary pressure, then either (i) vaccination is always good to reduce such
escape pressure, or (ii) intermediate levels of vaccine coverage are the most likely to
lead to an escape variant. These results depend quantitatively on the vaccine efficacy
(VE) for transmission-blocking, but, as expected, VE against susceptibility plays a larger
role than VE against infectiousness. Under the lack of empirical evidence to understand
the evolutionary role of the current vaccines, our work highlights the need for global
vaccination strategies to minimise the adaptation of SARS-CoV-2.

Feedback control problem of an SIR model based on the Hamilton-
Jacobi-Bellman equation
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In this talk, a feedback control problem of a susceptible-infective-recovered (SIR) model
is considered to design an efficient vaccination strategy for influenza outbreaks. We
formulate an optimal control problem that minimizes the number of people who become
infected, as well as the costs of vaccination. A feedback methodology based on the
Hamilton-Jacobi-Bellman (HJB) equation is introduced to derive the control function. We
describe the viscosity solution, which is an approximation solution of the HJB equation.
A successive approximation method combined with the upwind finite difference method is
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discussed to find the viscosity solution. The numerical simulations show that feedback
control can help determine the vaccine policy for any combination of susceptible individuals
and infectious individuals. We also verify that feedback control can immediately reflect
changes in the number of susceptible and infectious individuals.
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Due to the COVID-19 pandemic various cross-border policies such as mandatory testing,
quarantining upon arrival, travel restrictions have been implemented by the countries
to minimize the risk of disease import. The strictness of these measures has varied
over time. The aim of this study is twofold. First, we develop a spatially explicit SIR-
type compartmental model to evaluate the impact of cross-border mobility between
two countries on the disease dynamics under different epidemic conditions. We see a
significant change in the time to reach the peak of infection if the cross-border mobility is
permitted during disease outbreak. Moreover, our study shows that allowing cross-border
mobility shortens the difference in peak timings in two countries in comparison to the
scenario with no cross-border flux. Next, we present a method using stochastic simulation
for estimating cross-border mobility flux between two regions from the difference in
peak-timing in infection under some reasonable assumptions.
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data: An application to the SARS-CoV-2 pandemic
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Background:
While the first infection by an emerging disease is often unknown, information on early
cases can be used to date it, which is of great interest to trace the disease’s origin and
understand early infection dynamics. For COVID-19, the date of the first human-to-
human SARS-CoV-2 transmission was estimated at mid-October/mid-November 2019
using a mathematical model for the epidemic spread coupled with genomic data tracing
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transmission at the individual level [3]; these estimates were revised to late-November/early-
December 2019 in a more recent study [4]. Dating attempts can also be done for
SARS-CoV-2 variants of concern, such as Alpha, whose date of emergence was estimated
at early August 2020 using a stochastic model describing early epidemics dynamics [7].
Stochastic approaches studying early dynamics are rarer than deterministic ones and
thus methodological developments remain of great interest in the field of mathematical
epidemiology.

Methods:
We further develop the method presented in [7] to estimate the time series from emergence
(i.e., infection of the first human case by the focal disease or variant) to the detection
of N cases. We run numerical simulations of infectious disease spreading from a single
infectious individual. We account for superspreading by assuming the number of secondary
cases follows a negative binomial distribution. The model parameters are chosen to
reproduce the SARS-CoV-2 epidemic. The main outcome of our model is the expected
time to the detection of N cases.

Findings:
An early validation of our model was performed through its application to the context
of the spread of the Alpha variant in the UK, where 457 detected cases were sequenced
by November 30th, 2020 [6]. Our preliminary results suggest a mean (sd) number of
days between the first infection and the 457-th reported case of 125.88 (19.23), dating
the first SARS-CoV-2 infection to late-July, 2020. These results thus fall within the
emergence estimations reported in [7]. Next, we aim to account for the delay between
data collection and sequence. Finally, we will parametrize the model to reproduce the
dynamics of the early stages of the SARS-CoV-2 and estimate a range of probable dates
for the emergence of the COVID-19 pandemic, from data on the first confirmed cases of
SARS-CoV-2 infection in Wuhan reported up to the end of December, 2020.

Conclusion:
The main outcome of our model are estimates for the delay from the first to the N-th
reported case of an emerging epidemic. This modelling framework is generic and flexible,
and thus can be applied to estimate the starting time of outbreaks, in contexts other
than COVID-19, where some key parameters (such as transmission and detection rates)
are known.
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Joseph D. Bailey [jbailef@essex.ac.uk]

Dept. of Mathematical Sciences, University of Essex, Colchester, UK

Understanding how individuals come into contact with each other is important in many
fields from biology and ecology to robotics and physics. Interaction dynamics are central
in understanding how information is spread between agents, how disease spreads through a
population and how group movement or behaviour occurs. However, in many applications
the underlying model of movement is not considered and, instead, contacts are considered
as a fraction of all possible contacts amongst a population. As discussed in [1], a central
assumption in many traditional formulations of contact rates is that of homogeneous
mixing and instantaneous contact. That is, each individual is as likely to come into
contact with every single other individual within the population at any given time point.
This gives rise to the ‘mass-action’ law, describing a negative quadratic relationship that
governs the number of expected contacts.

Here, using methods from the field of movement ecology [2] and extending the work from
[1], we consider how a simple but often used movement model, the correlated random
walk [3], affects the contact rate in a standard Susceptible-Infection (SI) epidemiological
model. Via extensive simulation we show that the contact rate is not always well described
by the assumed negative quadratic relationship, I(N − I) (where I is the number of
infected at a given time and N the total number of individuals). Instead, a contact rate
proportional to [I(N − I)]α with 1/2 ≤ α ≤ 1 is a better qualitative fit, where α depends
upon parameters such as the straightness of the movement and the density of individuals.
We highlight that the density of individuals has a large impact on this value of α, and that
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the expected contacts at low densities increases with straight line movement, whereas, at
high densities it increases with more random movement.

We discuss potential applications and implications of these findings, as well as potential
avenues of research, which could develop the missing mathematical framework required
to fully understand and advance these results.
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Gillespie’s direct method is a commonly-used Monte Carlo algorithm for simulating
continuous-time Markov chain models of stochastic systems. In mathematical biology, it
has been used to model systems at all levels, from collective cell behaviour to ecological
models. We present an example from epidemiology, where we consider a contagion
spreading on a bipartite network made up of individuals and infection contexts. In this
situation, we find that some behaviours are poorly captured by the Markovian assumption
and the resultant exponentially-distributed inter-event times. In this talk, we introduce the
rejection-based Gillespie Max method which allows the user to simulate non-exponentially
distributed inter-event times, while still retaining the overall structure of Gillespie’s direct
method. We also compare this method to other formulations of the model, such as
multi-compartment approximations, and other variants of Gillespie’s method, such as the
next-reaction method.

Epidemiological modeling of COVID-19 on a national scale in Sweden
using an optimization approach

Oscar Björnham [oscar.bjornham@foi.se]
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The COVID-19 pandemic hit an, in many way, unprepared world in 2020. The impact
and response from societies varied greatly between regions and countries. Sweden was
early an outlier that caught much international attention. While most countries applied
series of lock-downs, the Swedish society remained open to a high degree. This approach
sparked concern regarding health effects and made headlines in many countries. Scientific
and political debates on both the international and domestic scenes required fast and
reliable data which proved challenging. Analyses of the current state of the disease
transmissions, likely development and the impact of different strategies became vital.
Under these circumstances, the Swedish Defence Research Agency, FOI, conducted
continuous epidemiological modeling as intelligence to the Swedish Armed Forces.

Epidemiological modeling were conducted all over the world with a wide range of complexity,
often with focus on available test results, i.e. cases, and death statistics [1-5]. Due to
biased empirical data, interpretation was required to translate the numerical findings to
the actual prevalence in the population, an issue particularly important for the statistics of
cases rendering this metric problematic. The implemented modeling system at FOI was
based on an extended version of a traditional compartment model, asserted on a national
scale with the pronounced aim to predict the disease transmission a couple of months
ahead for different scenarios. During this time, scientific journals were flooded with
publications of data and analyses. Even though the disease had only been present for a
few months, progress were made and data to parameterize models could be found to some
degree [6-9]. However, the novelty of COVID-19 induced many unknown features and
uncertainties in parameter values. These issues were amplified by the evolution of different
virus strains with altered properties during the period. Unfortunately, epidemiology systems
are inherently sensitive, where errors in parameters and initial values may give rise to
rapid growing errors in predictions over time. To address these issues and to minimize
the risk thereof, a dynamic approach was chosen by FOI for the disease modeling. An
optimization methodology was developed and incorporated into the compartment model.
Selected parameters, burdened by high uncertainties, were targeted by an algorithm that
varied those parameters to find a global minimum of a constructed goal function. This
goal function primarily used health care statistics obtained from official sources regarding
the number of patients and deaths as a function of time. The rationale was to find a set
of parameters that allowed the model to replicate the known dynamic past of the disease
development accurately. The hypothesis was that this set of parameters would generate
the most likely prognosis of the near future.

This presentation describes the experience from the pandemic on the Swedish arena during
2020 and 2021 and provides detailed description and analysis of the chosen model design
together with comparison between reported data and simulation outcome. Finally, lessons
learned and issues to take into account until future outbreaks are discussed.
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The COVID-19 pandemic, caused by the coronavirus SARS-CoV-2, has led to a wide
range of non-pharmaceutical interventions being implemented around the world to curb
transmission. However, the economic and social costs of some of these measures, especially
lockdowns, has been high. An alternative and widely discussed public health strategy for
the COVID-19 pandemic would have been to ‘shield’ those most vulnerable to COVID-19
(minimising their contacts with others), while allowing infection to spread among lower
risk individuals with the aim of reaching herd immunity. In this talk we will retrospectively
explore the effectiveness of such a strategy using a stochastic SEIR framework, showing
that even under the unrealistic assumption of perfect shielding, hospitals would have been
rapidly overwhelmed with many deaths among lower risk individuals. Crucially, even a
small (20%) reduction in the effectiveness of shielding would have likely led to a large
increase (> 150%) in the number of deaths compared to perfect shielding. Our findings
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demonstrate that shielding the vulnerable while allowing infections to spread among the
wider population would not have been a viable public health strategy for COVID-19 and is
unlikely to be effective for future pandemics.

Awareness spread and the effects of (mis)information on epidemics

Sontag, Andrei [ams284@bath.ac.uk]

Department of Mathematical Sciences, University of Bath, UK

The effectiveness of non-pharmaceutical interventions, such as mask-wearing and social
distancing, as control measures for pandemic disease relies upon a conscientious and
well-informed public who are aware of and prepared to follow advice. Unfortunately, public
health messages can be undermined by competing misinformation and conspiracy theories,
spread virally through communities that are already distrustful of expert opinion. Models
for awareness spread are widely used in the literature to explore the effects of information
spread on epidemics through coupled feedback dynamics. In this talk, I will discuss the
results presented in our article [1], which investigates a simple model of the interaction
between disease spread and awareness dynamics in a heterogeneous population composed
of both trusting individuals who seek better quality information and will take precautionary
measures, and distrusting individuals who reject better quality information and have overall
riskier behaviour. We show that, as the density of the distrusting population increases,
the model passes through a phase transition to a state in which major outbreaks cannot
be suppressed. Our work highlights the urgent need for effective interventions to increase
trust and inform the public.
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The nosocomial transmission of SARS-CoV-2 has been identified as a central threat for
patients and healthcare workers (HCW) during the COVID-19 pandemic. Understanding
the routes of viral spread, accounting for structural and operative characteristics of specific
hospital settings such as the interactions between and within patients and HCWs and the
environment in which they take place, is key to the development of efficient interventions.
In this poster, we present an agent-based modeling platform that accounts for SARS-CoV-
2 transmission through inhalation of aerosols in the air (far-field transmission) as well as
the direct exposure to viral particles of different sizes during person-person interaction
(near-field transmission). The structural (architectural) features of the hospital emergency
department (ED) such as ventilation systems, ward size, capacity and occupancy levels,
as well as the activity profile (breathing/sneezing) and the use of different kinds of
masks for the individuals, are included via real-world data to explore the transmission
dynamics of SARS-CoV-2 as well as the effect of structural interventions in such a highly
complex setting. While increased ventilation rates in all areas of the ED had slight
effects on transmission dynamics, the ward size, occupancy and length of interaction
in the wards between and among patients and HCWs could better guide the design of
structural interventions. We found the contribution of HCW-only areas, such as the
nursing base, of particular importance for the transmission dynamics in the ED. Novel
architectural interventions should consider a combination of interventions focussing on
patients’ attention and HCW-only areas as a potential focus to effectively mitigate the
spread of nosocomial SARS-CoV-2.

Modelling respiratory virus exposure on local buses

Andrew M. Bate1, Marco-Felipe King1, Martín López-García2 and Catherine J.
Noakes1 [1 School of Civil Engineering, University of Leeds, UK; 2 School of
Mathematics, University of Leeds, UK]
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For many respiratory diseases like COVID-19, transmission often relies on the close
interaction between infected and susceptible individuals in an enclosed space. Local buses
and other public transport settings are potentially such environments, as there can be
many close interactions between passengers, although often for relatively short time
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periods. We use a Quantitative Microbial Risk Assessment (QMRA) approach to model
COVID-19 transmission within a local bus. We model each passenger’s exposure to
the SARS-CoV-2 virus via small aerosol, close range droplet and fomite pathways. Our
model includes stochasticity to account for variability in model parameters (such as viral
loads and transfer efficiencies) and passenger behaviour (such as passenger positioning,
boarding and alighting patterns, and surface touch frequency). We explore the impact of
factors such as mask wearing, loading and bus route duration, ventilation, handwashing
and disease prevalence to provide insight into the key factors which impact COVID-19
risk. In particular, we focus on how changes in such parameters influence the distributions
of the viral dose received through small aerosol, close range droplet and fomite routes.

Stochastic invasion of variants of concern and effectiveness of border
controls in a population with heterogeneous immunity

Jacob Curran-Sebastian, Thomas House, Lorenzo Pellis, Ian Hall []

The emergence of SARS-CoV-2 in December 2019 as well as of novel variants of concern
(VoCs) has created a focus on border controls as a defence against importing infected
cases into a population. Border restrictions are known to have only limited effectiveness
in delaying the ingress of infected cases, but the ability of an imported strain to establish
itself in a society is complicated by the levels of non-pharmaceutical interventions (NPIs)
and by how advanced the vaccination programme against the existing resident strain
is. We use a multi-type branching process model to understand the stochastic invasion
of a VoC into a country where a vaccination program is ongoing and where part of
the population exhibits immunity due to prior infection with a resident strain. We use
this framework to obtain the probability that an imported strain ultimately becomes
established in the population. Furthermore, we quantify the time after which the system’s
dynamics can be well approximated by a deterministic model, at which point the epidemic
grows exponentially, as well as the uncertainty around this time scale using a diffusion
approximation. We consider different border control schemes and levels of NPIs in place to
assess their efficacy in delaying and controlling the proliferation of novel VoCs, highlighting
the difficulty in relying on border controls alone to prevent their importation.

An immuno-epidemiological model for cholera with minimum pathogen
threshold dynamics

Beryl Musundi1, Johannes Müller1, Zhilan Feng2 [beryl.musundi@tum.de]

1Technical University of Munich, Germany; 2Purdue University, USA

Cholera, an acute bacterial infection caused by Vibrio cholerae, remains a major threat to
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public health. Although the majority of models for the disease focus on its population
dynamics, models with multiple scales that link its within-host and between-host dynamics
provide better perspectives on the infection process. In this study, we formulate and
analyze an immuno-epidemiological model for cholera. The within-host system is adapted
from [1] to include external pathogen intake from the environment through booster events.
The system is reduced to the case where the pathogen load is below the required minimum
threshold. The within-host system with the minimum threshold dynamics is then scaled
to the population level. The between-host system is a structured model that considers
the indirect transmission of the disease. Time-scale methods are used to separate the
infection process from the other disease dynamics. Analysis of the model follows the
fast-slow approach with spectral methods used in the stability analysis.
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Effective reproduction numbers and growth rates both provide a measure of current
epidemic trends [1]. Generalised additive models (GAMs) [2] have been used extensively
for rapid estimation of the instantaneous growth rates in support of policy decisions in
the United Kingdom. However, unlike growth rates, reproduction number estimates offer
an insight on the amount of transmission that needs to be prevented to control spread.

In this work, estimators of time-varying reproduction numbers are obtained by combining a
GAM with variations on compartmental transmission models (based on ordinary differential
equations). The uncertainty is then obtained by bootstrapping. GAMs allow to capture
time - varying factors that may affect the infection spread without specifying what they
are, and are hence particularly suited in the presence of rapidly changing interventions
and unknown levels of adherence or other spontaneous behavioural changes.

I will present examples of the estimates obtained by fitting care home outbreak data and
tested - positive data, and show how they compare with other existing methods. I will
conclude that the estimated reproduction number values and uncertainty are reasonable,
and that the lock-down (and local mitigation within care homes) have proved effective in
controlling the COVID-19 spreading in this particularly vulnerable population.
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The viral load of an individual infected with SARS-CoV-2 varies over time and is a key
variable in determining how infectious that individual currently is, and how likely their
infection is to be detected by various tests. However, the relationship between viral load
and infectiousness is not well understood, and studies of the relationship often have strong
limitations due to the difficulty in observing viral load at time of contact, and whether
that contact leads to transmission.

In contact tracing data, it has been demonstrated that there is a strong correlation
between the viral load of an individual and how infectious they were in their recent
contacts, though despite the size of the datasets we rarely observe the viral load at
time of making contacts. We develop a Bayesian hierarchical model that incorporates
prior knowledge of viral load trajectories and timings in contact tracing to place posterior
distributions on the viral load of an individual at the time of making a contact. We
then use these posterior distributions to infer the relationship between viral load and
infectiousness and demonstrate that this model can correctly infer the true relationship in
simulation. The model is applied to data collected through NHS Test & Trace in the UK.
Extensions to the model are considered that account for 0-inflation or 1-inflation, with
further analyses of random effects that could lead to super-spreading behaviours.

By developing inferential techniques for the relationship between viral load and infectious-
ness using large real-world contact tracing datasets, we can provide better evaluations
of various interventions. We use our inferred relationship to allow us to quantify more
accurately the impact of different testing technologies in preventing transmission, as low
viral load individuals may be missed but are expected to be less infectious. Our approach
enables us to generate specific insights into the transmission behaviour of SARS-CoV-2
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at the level of individuals.

Hierarchical generalised additive models for forecasting hospital ad-
missions with COVID-19 in the UK
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The COVID-19 pandemic put considerable strain on the national healthcare system in the
UK. In order to predict the effect of the local epidemic on hospital capacity in England, we
used a variety of data streams to forecast daily hospital admissions over rolling two week
periods. These forecasts were generated through semi-parametric hierarchical generalised
additive models, which borrow information from different levels of data aggregation to
maximise forecasting power. The main data source used is daily hospital admissions
disaggregated by NHS trust and age group. This data was complemented with other
data streams that provide leading indicators for hospital admissions, including Pillar 2
SARS-CoV-2 tests, 111 calls for COVID-19 symptoms, mobility data, and Google Trends.
Leading indicators allow forecasts to anticipate turning points in the epidemic, however
these can be highly sensitive to changes in variant or public behaviour, such as testing
policy. To handle these changing relationships between the leading indicators and hospital
admissions, we consider ensemble modelling approaches. The forecasts are scored to
assess model performance, identifying which models have the most predictive power, and
when different leading indicators are strongest.

Distribution of immunity to SARS-CoV-2 within Canadian Provinces
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A detailed view of the distribution of immunity to SARS-Cov-2 is needed to increase the
accuracy of predictions of risk from SARS-CoV-2 and to study the effects of decisions
taken to mitigate the pandemic. The distribution of immunity to SARS-Cov-2 is driven
by a complex landscape of viral mutation, natural infection, vaccination, and the waning
of immunity.
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We develop and collate an index for the severity of public health mitigation strategies
implemented at the provincial level in Canada across three domains allowing the perturba-
tions of the contact estimates from Prem et al. [1]. This index of public health mitigation
in conjunction with our age structured model of the COVID-19 pandemic is used to build
a detailed picture of the distribution of immunity to SARS-CoV-2 across Canada. The
distribution of immunity is then used to determine when booster vaccine doses are needed,
and determine the severity of consecutive waves of infection given specific public health
mitigation programs.
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COVID-19 burden in hospitals can affect non-COVID-19 patient outcomes through multi-
ple routes, such as staff absence due to illness and nosocomial infection. Understanding
these effects is key in quantifying the full impact of COVID-19 and informing policy.

We produced logistic regression models to identify these routes and quantify their effects
on patients’ risk of death, also including baseline predictors of mortality such as age,
gender and ethnicity. For this, we used hospital admission data for patients with non-
COVID-19 illness, COVID-19 testing data and hospital capacity data over the period
01/11/2020-01/12/2022. Daily figures for COVID-19 bed occupancy in hospitals were
used as the measure of COVID-19 burden. We modelled individual diseases separately, to
understand which patients in particular are most at risk from these indirect effects from
COVID-19.

When adjusting for the confounding effect of COVID-19 bed occupancy, both nosocomial
COVID-19 infection and staff absence due to COVID-19 were found to have a significant
increase on patient mortality risk. Furthermore, with this confounding adjusted for,
COVID-19 bed occupancy levels still had a significant association with increased risk of
mortality, suggesting that other causal routes exist leading to increased mortality rates.
These less identifiable routes could include staff fatigue, stress, and patient triaging at
admission.
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The tryptophan (TRP) metabolism is closely linked to the immune system. Indoleamine-
2,3-dioxygenase (IDO) is a rate-limiting enzyme in this metabolism and catalyzes the
degradation of TRP to kynurenine (KYN), for example during infection. In sepsis patients,
increased mortality is associated with increased activity of IDO. 1-Methyltryptophan
(1-MT) is an IDO inhibitor and modulates immune responses by targeting several immuno-
logically relevant pathways. For example, one mode of action of 1-MT is an increased
production of the TRP metabolite kynurenic acid (KYNA), which mediates important
immunomodulatory effects under inflammatory conditions. It is still unclear how an
increase of KYNA after 1-MT administration is mediated. Further, there is also the
question of how 1-MT inhibits IDO activity while leading to increased formation of KYNA,
a downstream metabolite.

To understand these questions, we developed a basic model using ordinary differential
equations and used this model to simulate and analyze the dynamics of the TRP-
metabolism. In the first step, we then extended the basic model by including an infection
induced by the addition of an immune system stimulatory substance of the membrane of
gram-negative bacteria, lipopolysaccharides (LPS). Second, we added an administration
of 1-MT to the model to analyze the effects of 1-MT on the TRP-metabolism. In the last
step, we combined both models to investigate the inhibitory effects of 1-MT treatment
on IDO activity in the infection setting.

We parameterized our mathematical model using experimental data from animal studies
conducted in pigs. Three different experimental settings were used: In a first experiment,
pigs were treated once with LPS. In a second experiment, pigs were treated with 1-MT
5 times every 24 h. In the last experiment, pigs were treated with 1-MT 4 times every
24 h, LPS was administered 12h after the fourth 1-MT application, and the last 1-MT
dose was applied 12 h later. In all experiments, TRP and its metabolites KYN, KYNA,
quinolinic acid, and serotonin were measured in the blood. In the experiments with LPS,
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TNF-alpha was also measured, and in the experiments, with 1-MT we also measured the
concentration of 1-MT.

Using these data sets, we performed parameter estimation using the Data2Dynamics
Matlab toolbox for all developed mathematical models. We used the models to simulate
the effects of LPS on TRP-metabolism. Moreover, by comparing alternative models, we
could show that 1-MT is most likely directly degraded to KYNA. Furthermore, plasma
TRP levels increase due to the administration of 1-MT. These results were confirmed
experimentally in cell-free assays. 1-MT or TRP were added and combined with or without
KAT IV (kynurenine aminotransferase IV). Results show a strong increase of KYNA after
adding 1-MT and KAT IV, suggesting that 1-MT is directly degraded to KYNA. Both
models were combined to investigate the inhibitory properties of IDO activated by LPS,
revealing that 1-MT inhibits IDO.
Thereby, we could show that 1-MT is directly degraded to KYNA and has an inhibitory
effect on IDO. The results of this study contribute to our understanding of the effects
of 1-MT on IDO and KYNA in sepsis models. The ratio of KYNA to KYN could be a
meaningful indicator for predicting the survival of sepsis patients.

Modelling and controlling recurring waves of COVID in Hungary
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In this contribution we show the application of PanSim [1] for studying different scenarios
on the predicted future waves of COVID. PanSim is an agent-based simulator originally
developed for modelling and forecasting the spread of COVID epidemic in Hungary.
Through its high fidelity simulation engine, PanSim allows for the design and quantitative
evaluation of various interventions ranging from quarantine protocols through lockdowns
to vaccination programs. The main advantage of this simulation environment is its fine
spatio-temporal resolution and the possibility to individually track agents of different ages,
health status, professions and daily schedules in an urban environment containing various
locations based on real statistical data.

It is known that further waves of the pandemic may be expected even if we do not
consider seasonality or new variants of the virus [2]. In this work, we use PanSim to
predict recurring COVID waves, depending on realistic factors such as seasonality, and the
waning of immunity against infection or hospitalisation. This modeling work is supported
by two years’ worth of data to estimate waning, and we also have vaccines as well as a
repertoire of actually tested non-pharmaceutical interventions.
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Our work quantitatively and qualitatively estimates expected outbreaks starting in the fall
of 2022 given existing levels of immunity from prior infections and vaccination programs,
and how it wanes over time. Considering Hungary’s experiences of strong seasonality
effects over the summer, and that protection against infection wanes significantly after
half a year, we forecast a considerable fall wave from Omicron BA2 alone. We therefore
evaluate a number of possible interventions to mitigate it: a vaccination campaign to
administer the 4th shot, as well as the re-introduction of masks and other possible
restrictions. As a main performance indicator, we compute and monitor the healthcare
burden of the predicted waves.

Alongside statistical data, the computations with the agent-based simulator were also
supported and cross-validated with the reconstruction and parameter estimation results
obtained through a system-theoretical approach of [3]. Within this framework, the simu-
lation results of PanSim were compared with the reconstructed and predicted trajectories
of a deterministic 8-compartment dynamical model. We obtained strikingly similar results
with the two different approaches.
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The COVID-19 pandemic has put considerable strain on national healthcare systems
worldwide. Immediately after the first lockdown in March 2020, researchers involved in
modelling advice in support of the UK pandemic response were asked to develop models
to provide short-term projections of epidemic spread and hospital burden, and estimates
of the effective reproduction number (Re).

We developed a deterministic compartmental model of infection spread, coupled with a
detailed description of progression through hospital and critical care. A partially complete
patient-pathway line-list was used for the most appropriate, data-driven, choice of the
hospital compartments and to provide initial estimates of the transition rates between
them. Using MCMC and a negative-binomial likelihood, we then fitted the model to
complete time-series data on hospital admission, hospital and ICU bed occupancy, and
hospital deaths. This enabled generation of short-term projections for all four data
streams and estimation of COVID-19 severity in hospital, measured as the proportion of
individuals that follow different clinical pathways during the different pandemic waves.

The most interesting and novel aspects of the model will be discussed, with particular
focus on practical data issues, model limitations, and the advantages of a simple and
transparent model over complex ones. Projections and Re estimates from this model have
been produced weekly throughout the pandemic for England (and the regions therein),
Wales, Scotland and Northern Ireland, and combined with other models to produce official
estimates published by the UK Government.

The (unreasonable) flexibility of the Dynamic Survival Analysis

Wasiur R. KhudaBukhsh [wasiur.khudabukhsh@nottingham.ac.uk]

University of Nottingham, UK

Dynamic Survival Analysis combines classical dynamical systems theory and survival analysis
to provide a probabilistic interpretation of mean-field equations for population dynamics.
In essence, it turns an ecological model into an agent-based model by interpreting
the mean-field ordinary or partial differential equations as describing probability laws
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of individual trajectories. One can then write efficient algorithms for likelihood-based
parameter inference. Because of its foundation in survival analysis, the method can handle
aggregation (over time and individuals), censoring and truncation of data in a principled
way. The talk will provide several examples to highlight the incredible flexibility of the
method.

Epidemiological considerations for infectious disease evolution

Christian Berrig, Viggo Andreasen [berrig@ruc.dk]

Roskilde University, Denmark

When considering the evolution of pathogens causing infectious diseases, variants with
beneficial genomic mutations will arise and eventually dominate. This is due to the
pressure of selection on the pathogens in competition and the resulting dynamics of such
a system can be explored through Malthusian or Wrightian models of growth. Thus, the
mathematical model of disease spread chosen for the investigation of pathogen propagation
and invasion of new variants of the pathogen can be considered the environmental model
in which evolution takes place. Here, we investigate the interplay between the evolutionary,
ecological and epidemiological factors, and we further take into account the direct empirical
observations of such a competitive system. This is done in the context of the variant
replacements of SARS-CoV2, applied to data collected in Denmark as the empirical
setting. Through the analysis of epidemiological factors, the data of can be transformed
in order to witness the effect and accuracy of these factors in the ecological system of
the disease model used for the analysis.

A multi-scale epidemic model of enteric infection with heterogeneous
shedding resulting from host-microbiota-pathogen interactions

Simon Labarthe1, Béatrice Laroche2, Bastien Polizzi3, Florian Patout4, Magali
Ribot5 [beatrice.laroche@inrae.fr]

1Univ. Bordeaux, INRAE, BIOGECO, F-33610 Cestas, France; 2Univ. Paris-Saclay,
INRAE, MaIAGE, F-78350 Jouy-en-Josas, France; 3Univ. Bourgogne Franche-Comté,
CNRS UMR 6623 LMB, Besançon, France; 4INRAE, BioSP, 84914, Avignon, France;
5Univ. Orléans, Institut Denis Poisson, CNRS UMR 701, France

Enteric pathogens colonize the digestive tract of farm livestock, such as chickens or
pigs and potentially infect food products, which results in a threat for human health and
important economic losses.

It has been shown that the ability to excrete the pathogen in the environment and
contaminate other animals is variable. This heterogeneity in pathogen carriage and
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shedding results from interactions between the host’s immune response, the pathogen
and the commensal intestinal microbiota.

This talk will present a multiscale modeling framework of heterogeneous pathogen ex-
cretion in an animal population [1]. We will first focus on the intra-host level, where
we propose a dedicated SDE model to describe the interactions between the commensal
microbiota, the pathogen and the host inflammatory response. The corresponding back-
ward Kolmogorov equation provides a drift-diffusion PDE whose solution is a bimodal
pathogen load probability density function, corresponding to the cohabitation of two stable
high-shedder and low-shedder phenotypes. The model is further extended to represent
transmission between several populations, and its asymptotic behavior is investigated, as
well as infection control strategies.
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Mathematical Neuroscience

Biophysical modeling of actin-mediated structural plasticity
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Learning and memory formation are possible through changes in the strength of the
connections between neurons (synapses) in a process called synaptic plasticity. Interestingly,
these changes correlate with structural changes in dendritic spines, which are small
protrusions from the dendrites that form the postsynaptic part of most excitatory synapses.
For example, a long-lasting synaptic strength increase (long-term potentiation, LTP)
correlates with a size increase of dendritic spines. These morphological changes in dendritic
spines are possible due to a reconfiguration of its cytoskeleton, which is mainly composed
of actin, facilitated by actin-binding proteins (ABPs), such as Arp2/3 and cofilin, and the
influx and efflux of these proteins upon stimulation [1]. However, the full understanding of
the dynamics underlying this process has been hindered by the complexities of experiments
due to the small size of dendritic spines (≈ 1µm3). Therefore, we propose a biophysical
3D model to study the reconfiguration of the actin cytoskeleton in dendritic spines upon
stimulation and examine how the influx of different proteins can enhance or hinder its
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volume expansion. Importantly, failure in this volume expansion relates to diseases.

In our model, the spine shape changes result from an imbalance between a force generated
by the membrane and a force generated by actin polymerization. The spine membrane
is discretized as a triangular mesh, and its potential energy is derived from the Helfrich
potential energy using concepts of differential geometry, as in [2]. The membrane is
embedded in a discretized cube, and the amount and dynamics of the proteins are defined
at each point of this cube. The dynamics of actin and ABPs are given by partial differential
equations confined to the membrane, expanding the ideas in [3] to 3D. The protein influx
and efflux in basal and stimulus conditions are fitted to experimental LTP data in [1].

With this model, we examine how the spatial and temporal dynamics of actin and ABPs
affect the volume changes in dendritic spines due to LTP, thereby informing how the
localization of these proteins enables spines to efficiently react to stimulus and change
their structure. Moreover, we use the model to test whether similar mechanisms can
account for the spine volume decrease observed in the long-lasting synaptic strength
decrease.

References
[1] M. Bosch, et al., Structural and molecular remodeling of dendritic spine substructures
during long-term potentiation, Neuron, 82(2):444-459, 2014.
[2] M. Bonilla-Quintana, et al., Modeling the shape of synaptic spines by their actin
dynamics, Frontiers in synaptic neuroscience, 12:9.
[3] K. Doubrovinski and K. Kruse, Cell motility resulting from spontaneous polymerization
waves, Physical review letters, 107(25): 258103, 2011.

Analysis of stochastic multirhythmic bursting activity in Hindmarsh-
Rose neuron model

Evdokiia Slepukhina [Evdokiia.Slepukhina@uni-hohenheim.de]

University of Hohenheim, Germany

We study effects of noise on the Hindmarsh-Rose model of neural activity [1,2]. We
consider a bistability parameter region of the model where limit cycles corresponding
to bursting oscillations with different numbers of spikes in a burst coexist. We show
that in this zone noise can induce transitions between limit cycles forming multirhythmic
oscillatory activity. With the help of an analytical approach based on the method of
confidence regions and stochastic sensitivity functions [3], we study the mechanism of
such transitions. We identify regions of limit cycles where noise-induced transitions are
most probable and determine which type of cycles is preferred. The corresponding critical
noise intensities are estimated. The results of the analysis are compared with the data
obtained using direct numerical simulation.

416



References
[1] J. L. Hindmarsh, R. M. Rose, A model of neuronal bursting using three coupled first
order differential equations, Proc. R. Soc. Lond. B, 221(1222):87–102, 1984.
[2] R. Barrio, S. Ibáñez, L. Pérez, Homoclinic organization in the Hindmarsh-Rose model:
A three parameter study, Chaos, 30:053132, 2020.
[3] E. Slepukhina, I. Bashkirtseva, L. Ryashko, Stochastic spiking-bursting transitions in a
neural birhythmic 3D model with the Lukyanov-Shilnikov bifurcation, Chaos, Solitons and
Fractals, 138:109958, 2020.

Population Dynamics, Ecology and Evolution

How did the preemptive counter-defense become superior? A mod-
eling study on plant-herbivore interactions

Suman Chakraborty1, Jonathan Gershenzon2, Stefan Schuster1 [suman.chakraborty@uni-
jena.de]

1 Department of Bioinformatics, Matthias Schleiden Institute, Friedrich Schiller University,
Jena, Germany; 2 Department of Biochemistry, Max-Planck Institute for Chemical Ecology,
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Various herbivorous insects prefer the toxic plants of the Brassicaceae family as their
hosts. Glucosinolates (GLSs) are the defense compounds of Brassicaceae, which are
hydrolyzed by myrosinases at the onset of herbivory and produce toxic isothiocyanates
(ITCs). ITCs are detrimental to the feeding insect herbivores. The feeder insects have
evolved specific adaptations against ITCs to cope with the detrimental effects. These
adaptations are called counter-defenses.

Insect herbivores of Brassicaceae are categorized into two different types according to
their counter-defense techniques. The first category includes the specialist feeders with
preemptive counter-defense. These insects prevent the GLSs from being hydrolyzed
to ITCs. On the other hand, there are the generalist feeders with responsive counter-
defense, where the ITCs have been formed, but counter-defended as soon as detected.
Experimental results suggest that the preemptive counter-defense is more efficient. This
can be explained by the comparatively low free ITCs content in the gut of specialist
larvae.

Now, the question is how does preemptive counter-defense always lead to a lower amount
of free ITCs than responsive counter-defense? To answer that, the dynamics of both
counter-defenses are needed to be studied. Assuming that a feeder insect is exposed to
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ITCs until its lifespan is over, we proposed deterministic models to analyze the progression
of free ITCs concentrations with respect to the two counter-defenses, and quantify the
cumulative effect of ITCs in a specialist and generalist insect, respectively. The model
explains how the decrease in the level of ITCs is achieved, which helps to understand the
mechanism and benefit of preemptive counter-defense.
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A mathematical model in evolutionary medicine: ecDNA dynamics

Elisa Scanu [e.scanu@qmul.ac.uk]

Department of Mathematics, Queen Mary University of London, UK; Centre for Cancer
Genomics and Computational Biology, Barts Cancer Centre, Queen Mary University of
London, UK

Extra-chromosomal DNA (ecDNA) is a circular element composed by sequences of genes
being outside the central nucleus of cells. There is relevant evidence of its contribution to
cancer initiation and treatment resistance through the promotion of oncogene amplification.
Thus, investigating ecDNA evolutionary paths and mechanisms of reproduction could lead
to a deep understanding of cancer development and treatment.

We constructed a complex mathematical model for explaining the ecDNA somatic evo-
lutionary process, combining analytical and computational techniques. We show that
random ecDNA segregation is related to peculiar dynamics, based on selection advantages
and gene expression abilities. We consider complex scenarios, in line with specific biological
contexts, and we present original theoretical results that confirm the already existing
medical literature.
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Modelling the evolution of age-specific resistance to infectious dis-
ease

L.J.Buckingham1, B.Ashby2 [ljb74@bath.ac.uk]
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Many species experience changes in their level of disease resistance as they age, for
example due to prior exposure, senescence or evolutionary trade-offs. Although one might
typically expect juvenile resistance to exceed adult resistance (because infection at a
young age may lead to death or sterility before reproduction), empirical observations
suggest that this is not always the case, with juveniles sometimes less resistant than adults
even after accounting for prior exposure. Here, we use adaptive dynamics to analyse the
evolution of juvenile and adult resistance traits in a system of ODEs describing the spread
of a disease in an age-structured population. By incorporating different combinations
of trade-offs and varying disease transmission and virulence, we explore how trade-offs
affect whether adults evolve higher resistance than juveniles, or vice versa. Specifically, we
investigate how juvenile and adult resistance coevolve when trade-offs affect maturation
(slower growth), mortality (autoimmunity, or resources diverted from other defences)
and reproduction (fewer offspring). We explore how these trade-offs with resistance at
different life-stages combine to affect the evolution of resistance across the lifespan of
the host. Our key prediction is that, all else being equal, trade-offs between juvenile
resistance and adult reproduction consistently select for higher resistance among adults
than juveniles. This suggests that hosts may be predisposed to lower juvenile resistance
when trade-offs exist with adult reproduction.

From individual biology to population dynamics: an alternative ap-
proach for linking dynamic energy budgets and individual-based mod-
els

Wissam Barhdadi, Aisling J. Daly, Jan M. Baetens, Bernard De Baets [Wis-
sam.Barhdadi@UGent.be]
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Given ongoing global change, predicting the fate of ecosystems facing environmental
changes has become a matter of high priority. A significant hurdle in this endeavor are
local interactions among heterogeneous individuals, which have the potential to induce
changes in their life histories, which can in turn scale up to significantly influence large-scale
ecosystem responses. Current predictive approaches that show particular promise therefore
focus on the individual as the core unit of a model system, along with its biological (i.e.
physiological, behavioural and evolutionary) responses to predict ecosystem-level changes.
A modelling approach that has demonstrated considerable potential over the last few
years combines a general mathematical framework describing an organism’s environment-
dependent metabolism - Dynamic Energy Budget theory (DEB) - with a computational
modelling approach that upscales individual-level processes to population-level patterns -
individual-based models (IBM) - to form biologically-informed population models, known
as DEB-IBM.

Although the current DEB-IBM approach has proven useful, it has the significant drawback
of using mean-field approximations for the DEB-modelled behavioural processes. Hence key
IBM characteristics important for accounting for the effects of fine-scale local interactions
on ecosystem dynamics - e.g. local interactions and individual heterogeneity - are lost.
To address this, we provide an alternative DEB-IBM approach by linking DEB models
with an IBM framework that explicitly links behavioural and metabolic processes at the
individual-level.

We apply our model to investigate the ecological processes contributing to population
and community dynamics in a varying temperature regime using marine nematodes H.
disjuncta and D. oschei as model species. We particularly focus on the model’s ability to
reveal the importance of local individual-level interactions, in terms of both physiological
and behavioural processes for emerging population and community dynamics. Given the
generality and standardization of DEB models, their proposed integration into IBMs opens
up new avenues for generating systematic understanding of the interactions between
physiology, behaviour and environmental factors affecting ecosystem dynamics.

An Individual-based model to explore the evolution of bacteria-phage
population dynamics highlights trade-offs between competitive and
defensive traits as a mechanism to generate bacteria-phage diver-
sity

Pourhasanzade1, Iyer2, Vage1 [fateme.pzade@uib.no]

1University of Bergen, Norway; 2University of Massachusetts at Boston, USA

The importance and diverse role of viruses in marine ecosystems has been realized in recent
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decades. Mathematical and individual-based models are useful tools in exploring rapid
coevolutionary dynamics of host and virus populations. These models can help to estimate
viral parameters which are challenging to monitor in the field and laboratory. We have
developed an individual-based model to study evolutionary dynamics of bacteria and phage
and the biodiversity in microbial communities considering three different bacteria and
phage traits related to competition in hosts and virulence in phage. Bacterial dynamics are
validated with lab results over a time span of roughly 1.5 days. We investigated the effect
of constrained vs random bacteria-phage interactions on evolutionary diversification of host
and virus genotypes as shown by the Shannon entropy. Our results highlight the importance
of trade-off between competitive and defensive traits and how a fundamental trade-off
can generate genotypic diversity and allow for co-existence in artificial bacteria-phage
co-evolutionary experiments.

Antibiotics and the origin of microbial diversity

Gaurav S. Athreya1, Chaitanya S. Gokhale2, Prateek Verma2 [athreya@evolbio.mpg.de]

1Indian Institute of Science Education and Research, Pune, India; 2Max Planck Institute
for Evolutionary Biology, Plön, Germany

The immense diversity observed in natural microbial communities is surprising in light
of the competitive exclusion principle and the numerous weapons microbes have evolved
to inhibit each other’s growth. In this work, we study patterns of antibiotic-mediated
interactions between microbes using classical models from theoretical ecology. Building
on previous work (Kelsic et al., 2015), we analyse the ecological dynamics induced by
a wide range of interaction patterns that involve antibiotic production, resistance, and
degradation. For some simple cases, we give exact rules for the strain phenotypes required
for the existence of a stable steady state of the community dynamics. Sufficient conditions
are obtained for more complex cases where we are limited by computational power. These
results agree with and strengthen an observation that has already been made in previous
studies of similar systems (Vetsigian, 2017) which identify a particular motif, the producer-
sensitive-degrader (PSD) motif, that is potentially important for community stability. As
an extension of this idea, we also analyse in greater detail the simplest instance of the
PSD motif - a pattern that gives rise to an unstable community in the well-mixed setting
- in spatially structured populations. Using individual-based simulations, we show that
there is robust co-existence for a large range of values of the diffusivities of the antibiotic
and degrader molecules, showing explicitly the effect of spatial structure. In summary,
this work extends our understanding of which (and how) patterns of biotic interactions
are important for stability in both structured and unstructured microbial communities.
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Somatic evolution in modular species
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Multicellular organisms are genetically diverse, due to the fact that cells accumulate
mutations during cell division. In unitary species, such as humans, we know that this
somatic genetic diversity can allow for cancer evolution to occur. However, in modular
species, such as plants and corals, it is possible that somatic evolution could play an
important role in adaption. Modular species proliferate asexually by producing new modules,
e.g. by branching, that can become separated from the parent. Thus, somatic genetic
variation leads to selection on two levels: between cells within a module (analogous to
cancer) and between modules. We use population genetics and techniques developed for
cancer evolutionary dynamics to explore the role that somatic evolution plays in adaption
of modular species, using data from corals and seagrasses.

Multi-scale Effects of Habitat Loss and the Role of Trait Variation

Rishabh Bagawade1, Koen J. van Benthem2, & Meike J. Wittmann1 [rishabh.bagawade@uni-
bielefeld.de]

1Faculty of Biology, University of Bielefeld, Bielefeld, Germany; 2Faculty of Science and
Engineering, University of Groningen, Groningen, The Netherlands

Alarming effects of climate change and habitat loss are increasingly becoming apparent.
Local habitat deterioration is likely to have regional and even global effects, for example
loss of transiently used migratory stopover habitat patches can have detrimental impact
on the migratory populations. Studying the effects of habitat loss thus requires the joint
study of both the directly affected habitat patch, as well as regions that may be indirectly
affected. We take a step in this direction by studying a two patch deterministic model
that consists of a consumer-resource system in each patch, with one of the patches
experiencing habitat loss through loss of resources. Our model allows for foraging and
mating within patch as well as between patches. Furthermore, we incorporated a mate-
finding Allee effect. We find that both the focal patch (which experiences habitat loss) as
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well as the neighbouring patch are influenced by the presence or absence of their neighbour.
We also investigate how these scenarios pan out under heritable or non-heritable trait
variation, where we observe the effects of heritable trait variation and show that depending
on the trait that is allowed to evolve, evolutionary processes can be either beneficial or
detrimental.

Population Dynamics and Control of perennial weeds like Sorghum
halepense

Dana Lauenroth, Chaitanya S. Gokhale [lauenroth@evolbio.mpg.de]

Department of Evolutionary Theory, Max-Planck Institute for Evolutionary Biology, Plön -
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Perennial weed species like Sorghum halepense are a bane on agricultural produce and
lead to significant economic losses. Such weeds can spread quickly and are particularly
hard to control due to their ability to reproduce sexually via seeds as well as asexually
through rhizomes. Control strategies are frequently investigated through field experiments
in the short run. However, mathematical modelling has proved to be a valuable approach
to studying the long-term population dynamics of weeds. Still, only a few models have
dealt with perennial weed species because of their complex life cycle.

In this talk, I will present a population-based model of seed and rhizome propagated
perennial weeds, using a deterministic dynamical system in discrete time, and its stochastic
simulation. The model focuses on Sorghum halepense as an example. I will explore the
impact of a seed bank on perennial weed species, mainly how it helps preserve diversity
and may ensure population survival. Herbicide application and tillage, commonly used to
control Sorghum halepense, are integrated into the model to evaluate the extent of control
they provide and the evolution of resistance against the herbicide. Herbicide resistance is
modelled as target-site resistance based on a single resistance allele. I will demonstrate
that herbicide mixtures and even more herbicide rotations can substantially delay the
evolution of herbicide resistance due to the inherent ecology of rhizomatous perennial
weeds. Paired with physical control, I will illustrate the potential of tillage to slow down
resistance evolution when practised together with herbicides. Crucially, I will highlight why
the susceptible type is maintained even under the recurrent selective pressure of herbicide
application as explained by predominant self-pollination in Sorghum.

Spatially structured populations on graphs beyond update rules

Alia Abbara, Anne-Florence Bitbol [École Polytechnique Fédérale de Lausanne,
Switzerland]

alia.abbara@epfl.ch
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In a well-mixed microbial population, all individuals are equally in competition, but original
evolutionary dynamics might appear in a spatially structured population where competition
only holds locally. In particular, a complex structure can affect the fixation of a mutant
[1]. Here, we consider a population on a graph, where each node holds a homogeneous
sub-population, and exchanges can happen along the edges. We suggest a model in
which population dynamics evolve following cycles of two steps. First, a phase of local
exponential growth on each node, during which we allow node sizes to become very
large. Then, a dilution step samples a given number of individuals from each node and
migrations occur along edges according to migration rates. At the end of these two steps,
node sizes reach their bottleneck values. Our model allows to bypass the choice of an
update rule (such as birth-death or death-birth with the Moran model on graphs [2])
and provides a more universal description, encompassing large migration regimes which
were not accessible in previous models where nodes had limited carrying capacities [3].
We investigate the impact of the star graph, a structure known to amplify selection in
birth-death models with a single individual per node [4], on the fixation of a mutant. We
draw a parallel with the Wright-Fisher model to provide an analytical prediction in the
regimes of extremely rare or frequent migrations, and explore intermediate regimes with
simulations. We find that not only graph structure, but also parameter values, greatly
impact the fixation probability. In particular, the star graph can display both amplification
or suppression of natural selection in different migration regimes.
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Minimising pesticide resistance emergence through varying the size
of regions within which pesticides are applied: from complex to toy
models.

Tunstall1, Möbius1, Kanitz2 [1University of Exeter, UK; 2Syngenta ]
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Pesticide application is met with rapid emergence of pesticide resistance: given the time
and cost required to develop novel pesticides, it is necessary to optimise the pesticide
application procedure to mitigate the rate of resistance emergence. We studied the role
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of geographical distribution of crop and pesticide application on the rise of resistant
phenotypes.

We first investigated how the size of an area with oilseed rape and pesticide application
affects the rise of the resistant phenotype. Using simulations of a model incorporating
pollen beetle life history [1] we found a field size that minimises growth of the resistant
sub-population.

This minimum is not unique to pollen beetle and oilseed rape: a model of haploid pests
with diffusive dispersal displayed the same optimum field size with respect to reduced
growth of the resistant sub-population. Close inspection revealed that this optimum field
size is due to a tradeoff between minimising dispersal during the pesticide-application
period and maximising dispersal after pesticide application.

Last but not least we used the findings for one isolated field to predict how populations
around and between two and more crop regions interact to shape rise of the resistant
phenotype.
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A species entering a novel landscape has to overcome several obstacles that inhibit
invasion, which often leads invaders to go extinct before they are able to form a stable
local population. Estimating which species can invade new landscapes is challenging due
to the complex interplay of a wide variety of ecological factors. Here, we explore the
effects of individual-based influences such as individual size, growth and stochastic effects
of local disturbances. To address these challenges within a single model, we extended the
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Levins metapopulation model[1] by allowing mortality to vary with individual life stage,
such that smaller individuals have a higher chance of dying. To incorporate individual-level
variability and effects of stochastic events while maintaining continuous-time dynamics,
we implement the model using Gillespie’s method[2]. Unlike the classic Levins model, for
which successful invasions occur deterministically whenever colonisation exceeds mortality,
a successful invasion rather has a certain likelihood. We hence created an index that
can predict this probability as a function of colonisation and time-averaged mortality
rate, which can be expressed as an analytical function of three model parameters: an
individual’s growth rate, its initial size and the impact of disturbances. The initial fraction
of sites occupied by the invader and the overall size of the landscape have little to no
effect on invasion success. However, colonisation rate, initial size, and particularly the
effect of disturbances on individuals are the driving forces behind a successful invasion.
Our results demonstrate that invasion success in a complex stochastic model can be
predicted as a simple function of colonisation and mean mortality rates. Moreover, we
demonstrate how size-varying mortality and local disturbances, two common features of
most ecological systems, can result in an Allee point. This suggests that invasion may be
more strongly driven by differences across life stages than has previously been assumed.
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A key challenge in ecology is to improve our understanding and predictions of how the
impacts of invasive species propagate through recipient communities. Attempts to do so
by determining individual-level traits that characterize successful invaders (e.g. high rates
of resource consumption) can fail to fully quantify invasion impacts because they overlook
how invaders interact with each other and with native species. These are examples of
higher-order interactions: interactions that are not strictly pairwise, but are modified
by other species. Higher-order interactions can significantly affect coexistence either
positively or negatively. However, until recently modelling studies have generally overlooked
the questions of how and when these interactions can emerge, and how they can affect a
community’s coexistence and stability.
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In the pairwise setting, the classical invasion criterion states that an invasive species
can successfully establish in a community if its population growth rate is positive at low
densities. But this criterion is defined only for short-term invasion success. It neglects the
long-term effects of the invader’s presence in the community: as the invading population
increases, it affects the abundances of other species, which will indirectly affect its own
growth rate. In this way, feedbacks via higher-order interactions can play an important
role in the invasion dynamics. We model this density dependence using a higher-order
interaction framework, where interactions between species are not strictly pairwise and
hence per capita density dependence is no longer additive across species. In this way
we aim to extend predictions of long-term invasion outcomes beyond both the initial
establishment phase and the strictly pairwise setting.

Towards a theory of adaptive chromosomal inversions
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Conventional wisdom states that evolution at the strong selection weak mutation limit
implies only point mutations [4]. However, this is not necessarily true in the presence of
structural variations [5], i.e. genomic mutations changing more than one nucleotide, for
instance: duplications, inversions and other chromosomal rearrangements. These different
types of structural variations are completely overlooked in conventional formulations
of molecular evolutionary theory. We show that the features of structural variations
in adaptive dynamics are best captured within the mathematical framework of graph
theory [2]. In particular, we communicate results with inversion mutations [3]. Graphs
obtained with only point mutations are regular, such as the canonical representation
of the genotype space by Hamming graphs [7] (e.g. the hypercube). In contrast,
inversion mutations reconfigure the adjacency between genotypes through heterogeneous
mutational networks. We illustrate the importance of inversions in adaptive dynamics
through simulations with the well-known NK model of rugged landscapes [6], evidencing a
new escape mechanism from local fitness peaks [8]. We also show some preliminary results
with the Aevol digital genetics platform [1] that captures the evolutionary contributions
of structural variations.
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Analysis of a model of the Calvin cycle of photosynthesis
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The Calvin cycle is a part of the photosynthesis process which includes light-independent
biochemical reactions. In this study, the dynamical system of a Calvin cycle model with
suitable parameters is analysed. For an appropriate choice of parameters, the existence
of steady states of the system and global in time existence for dynamical solutions are
obtained. Numerical simulations are provided to show the non-monotonic solutions of
the unknown functions of time which are the concentrations of the substances in the
reaction.
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We study Moran processes on Erdös-Rényi and Barabasi-Albert networks. The population
dynamics of mutants (with fitness r > 1) and residents (with fitness 1) is described by
Markov chains with two absorbing states: homogeneous populations of just mutants
or just residents. At each time step of the dynamics, one individual is selected with a
probability proportional to its fitness and it replaces with its offspring one of its randomly
selected neighbors. This process continues until mutants overtake the whole population
or die out, called fixation and extinction of mutants, respectively.

The impact of global characteristics of a graph structure such as the graph size, the graph
density, and the clustering coefficient, on the evolutionary dynamics, has been studied
previously. However, less attention has been paid to local structures. Here we investigate
the effect of the degree of an initial placement of a mutant on the fixation probability
and the fixation and extinction time.

We perform stochastic simulations and use mean-field approximations to obtain some
analytical results. We show that the fixation probability and extinction time significantly
depend on an initial placement of a mutant. In contrast, degree of an initial mutant
does not affect the fixation time. We also show that fixation time in the Barabasi-Albert
network is higher than that in the Erdös-Rényi one. The effect of an initial placement of
mutant on fixation probability has been studied before by Broom et al. [1] - they focused
on small networks with some fitness limitations. Here we develop our approximations for
all networks and fitness values.
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Can two competing microbial communities show historical contingency, that is, can they
arise alternatively in the same habitat depending on initial conditions? A related question
is to what extent an ecological niche is shaped by competing organisms or communities
within a fixed environment. To answer these questions, we use a minimal model of two
communities, each consisting of two species, and looked for bistability with regard to
the competing communities. We consider the case in which those two communities
rival by poisoning each other. At the same time, the species inside a community have a
mutualistic relationship.
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This situation is represented by a four-dimensional Lotka-Volterra-ODE model with logistic
growth and simple interaction terms. Our focus lies on the question which and how
many poisoning terms, i.e. which antagonistic interactions between the communities, are
necessary to ensure the survival or establishing of only one community. For this reason, we
built the model with a bottom-up approach in which the mutualistic terms were set, and
then we added the poisoning terms step by step. In each step we analysed the stability of
the steady states that contain only positive values for species of one community and zero
for the other species. By doing this, we found the smallest required number of poisoning
terms.

For this minimal model we then performed numerical simulations and bifurcation analyses
in which all but one parameter were set. We varied the value of one poisoning rate to
observe its impact on the stability of the steady states or communities. We found a
transcritical bifurcation which shows how much poison a community has to invest to
establish itself. We then performed numerical simulations with different initial values to
examine which community eventually survives.

This approach reveals that each community can only establish itself by poisoning all
species of the other community. It does not matter which species is "in charge" of
poisoning the members of the other community. Furthermore, we found thresholds for
the poisoning rates to ensure the stability or survival of a community. With both criteria
fulfilled, two different communities can alternatively arise in the same habitat. Which
community is eventually established depends on the initial abundances of the species
inside the communities.

Investigating the origins of ancestral grandmothering using agent-
based models
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Humans differ from the great apes in our earlier ages at weaning, later ages at first
reproduction, shorter birth intervals, overlapping dependents and survivorship decades past
menopause. It is commonly assumed that the modern chimpanzee represents something
close to the ancestral hominin, prevalent before chimpanzee and modern human lineages
diverged and persisting in descendant hominins until the evolution of genus Homo. It
is further assumed that at least some elements of the human life pattern began to
develop about two million years ago. This was prompted by long-term increases in aridity
and seasonality in African hominin homelands. The question is how to account for the
emergence of that pattern.
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The most commonly preferred argument, the hunting hypothesis, posits that changes in
climate and environment restricted tropical forests and led to the spread of savannas,
increasing the abundance of prey not previously available to hominins, notably large
ungulates. A “sexual division of labour” developed as ancestral males hunted the newly
available large animal prey and brought them home to share with mates and offspring in
exchange for sexual access. However, the low success rates and high variability of big
game hunts, make large game acquisition a better candidate for male status competition
than daily provisioning. Ancestral grandmothering, the grandmothering hypothesis, has
become a serious alternative argument to explain the emergence of our unique human
life pattern. It identifies foraging for hard-to-acquire plant foods, with the productivity
of older females subsidizing still-dependant grandchildren. Use of foods central to this
hypothesis has not yet been fully explored. I present a mathematical model of foraging
based on the Grandmothering Hypothesis to simulate this process of daily food acquisition.
We adopt an agent-based model, in which the population evolves according to probabilistic
rules governing interactions among individuals.

A functional morphological study of aperture inclination on gastropod
shells based on both postural stability and drag force

Amane Araki, Koji Noshita [araki@morphometrics.jp]

Kyushu University, Japan

Gastropod shells show an uneven distribution in morphospace[1]. The biased distribution
has been studied in functional morphology in terms of defenses against predators, prevent-
ing drift, available space for soft body, and postural stability[2-4]. Although it revealed
the effect of gravity on their posture and of the chemical compositions in their habitats
on shell morphological diversity, there is few comprehensive and quantitative assessment
of the physical constraints accounting for the differences in the phenotypic distribution,
especially of aperture inclinations, among terrestrial and aquatic gastropods. In this study,
we attempted to quantitatively understand the differences among terrestrial and aquatic
gastropod shell morphologies in terms of physical constraints such as gravity and drag
forces. By using the theoretical morphological models of gastropod shells, the theoretically
possible shell morphological diversities with different aperture inclination and spire height
were generated. The effects of gravity and drag on each shell model were calculated by
physical simulation, and the simulated data were compared with measurement data of
actual specimens. We showed that higher shells have more unstable posture and larger
drag than shorter ones, i.e., the drag of a high-spired shell becomes lower when an aperture
inclination becomes zero. The result is consistent with an observation that high-spired
shells do not have large aperture inclinations[5,6]. Shell shapes are constrained to have
high postural stability and low drag, and both constraints are more severe on terrestrial
species than on aquatic species.The inclination of the shell aperture was different between
terrestrial and aquatic species in the specimen measurements. The difference in inclination

431



might be explained by simulations in which the posture of the gastropods was varied, i.e.,
the lower constraints on shell shapes of aquatic species allow to take other suboptimal
inclination that minimizes the physical forces on the shell.
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Microorganisms live in ecologically dynamic environments that inevitably fluctuate between
mild and harsh conditions. Critically, the latter gives rise to higher demographic noise and
random extinctions that govern evolutionary dynamics, which in turn might shape the
environmental conditions through large-scale feedback loops. Although the independent
contributions of environmental variability (EV) and demographic fluctuations (DF) have
been extensively studied, the emerging dynamics resulting from the EV and DF joint
interplay remains largely unknown due to its challenging complexity and interdisciplinary
nature. This poses an open problem that is crucial for many relevant, real world living
systems. Only since the start of the century there has been a growing research effort
invested in the study of the so-called ‘eco-evo dynamics’, as evinced by the growing body
of eco-evo literature arising in the last two decades.

In this study we focus on the eco-evo dynamics in the paramount case of AntiMicrobial
Resistance (AMR), which currently causes ∼ 7 ·105 deaths every year, and is estimated to
become the cause of 10 million yearly deaths by 2050 [1]. AMR is typically characterized
by cooperative behaviour: a mutant strain generates a Public Good (PG; e.g., extracellular
enzyme) at some metabolic cost (reduced birth rate) and the PG inhibits the antimicrobial
drug for all the population (antimicrobial-independent rates for all strains). Furthermore,
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and grounding on the experimental work of Sanchez and Gore [2], PG is typically shared
only when the density of cooperators x overcomes a given threshold x ≥ xC . Below xC
the Good is held private, within cooperators’ intracellular medium, and non-PG-producers
become vulnerable to antimicrobial drugs.

We will thus discuss the AMR eco-evo dynamics of a well-mixed, finite microbial population
of fluctuating size composed of a cooperative, PG-producer strain and a ‘free-rider’,
defector strain. The former has a constant but lower birth rate, while the latter has a
higher birth rate that drastically reduces in the presence of antimicrobial drugs, unless
the fraction of cooperators is high and PG is shared. The resulting eco-evo dynamics,
arising from the direct coupling between the evolutionary state (level of cooperation) and
the environmental condition (active/inhibited antimicrobial drug for defectors), and that
enhances species coexistence, will be presented. And, finally, we will discuss the impact of
a more realistic time-dependent, fluctuating administration of antimicrobial drug.
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Malaria remains a high economical and medical burden in sub-tropical regions of the
world. This disease is caused by Plasmodium parasites that are transmitted by bites of
Anopheles mosquitoes. Because many mosquito life-history traits are affected by their
environment, there has been increased concern about the potential impact of climate
change on malaria transmission. However, due to the complex interactions between the
environment, parasites, and mosquitoes, a definitive answer remains elusive. In this study,
we aimed to identify the strongest environmental drivers of Anopheles abundance and the
mechanisms underlying these effects.
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We first applied empirical dynamic modeling[1] to detect causal effects on highly resolved
time-series of mosquito abundance collected in Mali[2]. Surprisingly, the causal interactions
between the abundance of adult mosquitoes, water temperature, and dew point, were
detected with a time shift of two weeks. These results suggested that the environmental
drivers act on larval stages of mosquito development. To extract the mechanisms
underlying the observed causal effects, we fitted a mechanistic model of larval development
on experimental data of larvae growing under different environmental conditions. Our
model predicted that death processes mediated by the rearing temperature had the
strongest effect on larval development.

In conclusion, we propose that by impacting larval death rate, the environment regulates
the dynamics of developing larvae and, thereby, determines the adult mosquito abundance.
Our results illustrate the power of combining theoretical and experimental approaches in
predicting climate change scenarios affecting the transmission of vector-borne infectious
diseases.
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Drug resistance is a process in which a pathogen becomes immune to the therapy that is
used to treat it. When this occurs the drug needs to be replaced with a different one.
However, therapy changes depends on external factors. First, due to the limited number
of drugs, it is not always possible to replace them. Second, in the case of chronic diseases,
the appearance of new drugs in the market could lead to a therapy change, for example if
the new drug is cheaper or if it has less side effects.

In order to understand better this process, we present a multi-scale model of drug resistance
development in the presence of multiple therapies. Our model accounts for viral evolution,
host-pathogen dynamics and therapy changes as a stochastic reset process. With the
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model, first, we have determined the space region of viral evolution that could lead to
patient death. Second, we have studied the survival probability distribution as a function
of the viral evolution rates and the therapy changes frequency. Third, we explored different
functional forms for the viral evolution rates, which depend on the number of viruses
and infected cells. Finally, we have used it to investigate therapy change protocols that
minimize drug resistance appearance.
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Evolution of populations expanding into fragmented environment is a complex process
shaped by the interplay of local population dynamics, mutations, migration, and envi-
ronmental heterogeneity. While simulations can predict the evolutionary fate of specific
populations via parametrised models, the interaction of these processes typically exacer-
bates analytical solutions.

Summarising the results of different projects and collaborations, we show how in the case
of a well-defined population front encountering a habitat that varies on sufficiently large
spatial scales, geometrical arguments can be used to predict and understand the effect of
fragmentation on evolutionary dynamics.

We firstly illustrate the effects of fragmentation on standing neutral variation. We highlight
an additional layer of ‘survival of the luckiest’ – complementary to, yet qualitatively different
from, founder effects occurring in the presence of ‘spatial bottlenecks’.

Secondly, we demonstrate how the success of a mutant, whose ability to invade patches
inaccessible to the wild type is balanced by lower front speed, depends on habitat structure.
The mutant can take over the population even when these patches are surprisingly sparse,
and this phenomenon can be predicted based on the geometry of patches and the front
speed of both mutant and wild type alone.

Lastly, we provide an outlook on how, in the future, similar arguments may shed light on
other evolutionary scenarios in fragmented environments.

Genetic space exploration: Overview of low dimension projections
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The ongoing epidemic has showed us the necessity to understand better the dynamics
of viral evolution. The common methods of phylogenetical analysis are computationally
expensive and struggle to incorporate new data, since they are based on the extraction
of information from specific locations on multi-aligned sequences, performing a pair-
wise comparison among all the sampled genomes. Alignment-free methods offer an
alternative to the time consuming alignment, and among these those based on word-
statistics, signal-processing and graphical-representation methods offer an individual
representation as a single point in a Rn space for each genetic code analysed, which
allows for easier incorporation of new information. This project analyses approximately
250,000 SARS-CoV-2 sequences extracted from the GISAID database, characterising them
with the aforementioned featuring methods to apply dimensionality reduction algorithms,
such as UMAP and PaCMAP, to visualise global structures formed within the different
genetic spaces. This gives multiple perspectives to understand better the virus ecology.
Furthermore, the use of clustering methods, like HDBSCAN and CLASSIX, could be a
valuable tool to confirm the appearance of new variants.
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COVID-19 testing outcomes over time since exposure: a statistical
model and implications for enhanced contact tracing
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Existing sensitivity estimates of commonly used tests for COVID-19, including quantitative
polymerase chain reaction (qPCR) and lateral flow tests (LFT), are wide-ranging. This
uncertainty has led to much discussion about the comparative utility of these tests in
detecting both infection and infectiousness. Using data from a human challenge study,
we use survival analysis to construct test- and swab-type specific models of test positivity
over time since exposure. By implementing these relationships within an individual-based
branching process model of transmission, we demonstrate how different testing regimes
can benefit contact tracing strategies, including how repeat testing can be used to infer the
direction of transmission between COVID-19 positive contacts and detect super-spreading
events.

Incorporating experimental mosquito survival data to improve math-
ematical models of malaria transmission
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Mathematical models of vector-borne diseases, including malaria, often assume age-
independent mortality rates of vectors, despite evidence that senescence can occur. We
use maximum likelihood estimation to fit a constant mortality function and two age-
dependent functions (logistic and Gompertz) by using survival data on insecticide-resistant
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Anopheles gambiae s.l. exposed (treated) and not exposed (control) to insecticide-treated
nets (ITNs). This enables us to establish biologically realistic survival functions and explore
the effects of insecticide exposure on mosquito mortality rates. We use the mortality
functions to calculate the expected number of infectious bites a mosquito will take in its
lifetime, and, by extension, the vectorial capacity.

We, therefore, investigate the effectiveness of the ITNs against insecticide resistance by
comparing the vectorial capacity under exposure vs. no exposure. Our results indicate
that the predicted vectorial capacity is substantially lower in mosquitoes exposed to
ITNs, despite the mosquitoes being highly insecticide-resistant. The more realistic age-
dependent functions provide a better fit to the experimental data, as opposed to the
age-independent mortality function, and, hence, influence the predicted impact of ITNs on
malaria transmission potential. Incorporating age dependency provides more biologically
realistic results in all steps of the vectorial capacity calculation. We observe a greater
reduction in the vectorial capacity under exposure compared to no exposure when age-
dependent functions are used, suggesting that models which do not account for age
are likely to underestimate the effectiveness of anti-vectorial interventions. Overall, we
highlight the importance of including age structure in mathematical models of vector-borne
disease transmission to capture biological realism and fully understand the impact of
interventions.
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Data-driven modelling to support elimination of African sleeping sick-
ness using cost-effective strategies

Kat S Rock [K.S.Rock@warwick.ac.uk]

The University of Warwick

I will highlight how mechanistic modelling and health economic analyses are being used
to support the elimination of gambiense human African trypanosomiasis (gHAT, African
sleeping sickness) – targeted for elimination of transmission by 2030. gHAT is a vector-
borne infection, transmitted by tsetse in Central and West Africa. I shall present work
of the HAT modelling and economic predictions for policy (HAT MEPP) project, which
focuses on using regional, longitudinal human case data to parameterise location-specific
models and provide tailored recommendations for strategies aimed at elimination. I will
overview how data from other sources – including tsetse monitoring and cost collection –
has contributed to these analyses and impacted our recommendations for policy makers. I
will demonstrate the HAT MEPP graphical user interface that was developed in conjunction
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with national programmes to support dissemination of modelling results in an accessible
way for non-modellers. Finally I will discuss the challenges of attempting to select
cost-effective strategies for infections targeted for elimination.

Sterile insect technique against the medfly: modelling, calibration
and effect of residual fertility

Marine Courtois [marinecourtois2609@icloud.com]

Université Côte d’Azur, INRAE, CNRS, ISA, France

This work takes place in the context of the experimental introduction of sterile males
to fight the Mediterranean fruit fly Ceratitis capitata in orchard landscapes in Corsica
(France). We first considered the natural population dynamics of the fly, by building a
three-dimensional model structured in larva, male and female stages. The model was
calibrated in part by compiling data from literature, and in part by ensuring that the
predicted dynamics were comparable to those observed in the field. Competition between
females was shown to be the deciding factor for the extent of the fly infestation. Further,
a sensitivity analysis performed on larval density at the end of a cropping season showed it
is most influenced by the per capita oviposition rate and the larval mortality rate. These
two biological processes are thus important to control the C. capitata population.

Stemming from that model, we introduced a sterile males - wild males - females model to
represent the dynamics resulting from sterile males introductions. We first considered
releases of perfectly sterile insects, but also two different situations accounting for residual
fertility of the “sterile" males. We showed how residual fertility could destabilize the
pest-free equilibrium, and gave a condition to be satisfied to ensure that the pest-free
equilibrium is the only equilibrium, and that it is stable. The developments were carried
out from qualitative properties on mating probability and competition between females,
so that they hold true for a wide range of functional forms and situations. Generalizing
the results brought forward in [1], we showed that, when residual fertility is below a
threshold value, SIT could be made efficient by overflooding the landscape with sterile
males. We additionaly proved that SIT could still be efficient beyond that threshold, as
long as releases are not too massive, since it would result in also massively releasing fertile
males.
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Mathematical Oncology

On the effects of cellular dedifferentiation on tumoural growth and
treatment

Matthias M. Fischer1,2, Nils Blüthgen1,2 [matthias.fischer@charite.de]

1Institute for Theoretical Biology, Humboldt-Universität zu Berlin, Germany; 2Charité
Universitätsmedizin Berlin, Germany

Tumoural cell populations can consist of different subpopulations. Especially of note are
cancer stem cells (CSCs), which are defined by their capacity for indefinite self-renewal.
In contrast, non-stem cancer cells (NSCCs) show a limited proliferative capacity. This
discovery has given rise to a promising paradigm of cancer treatment, in which therapy is
specifically directed at eradicating CSCs, instead of indiscriminately targeting the complete
tumour mass. However, accumulating evidence suggests that differentiated cancer cells
may regain stem cell characteristics. The effects of such a cellular dedifferentiation
on tumoural growth and potential avenues for treatment are currently understudied.
Thus, we here extend a literature model of a CSC-driven tumour to also include cellular
dedifferentiation and study its properties both analytically and with extensive numerical
simulations.

First, we prove that dedifferentiation severely increases the likelihood of tumorigenenis and
the speed of tumoural growth, and that these effects are modulated by the proliferative
capacity of the NSCCs. This suggests inhibiting dedifferentiation and reducing the
proliferative capacities of NSCCs as promising avenues for increased treatment efficacy.

Second, we show that dedifferentiation may additionally cause treatment evasion, especially
when a treatment solely targets cancer stem cells. Conversely, targeting both CSCs and
NSCCs in parallel is more robust to dedifferentiation. Although dedifferentiation reduces
the sensitivity of CSC-related parameters and increases NSCC-parameter sensitivities,
we find that CSC parameter alterations still exert the largest relative effect on tumoural
growth. Thus, primarily targeting CSCs augmented by a treatment focussed on NSCCs
may prove to be successful clinically.

Finally, we examine all pairwise treatment interactions, revealing that dedifferentiation
introduces both antagonistic and synergistic interactions. In particular, we reveal a number
of specific treatment combinations that can be expected to yield superadditive effects on
tumoural growth reduction, identifying potentially promising treatment avenues in vivo.

Optimal control of treatment with immune checkpoint inhibitors to
prevent cardiotoxicity
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Immune checkpoint inhibitors (ICIs) are a ubiquitous class of cancer treatment which
come with a significant risk of life-threatening adverse events. Mathematical modelling
of the effects of ICIs often focuses on the impact on the tumour, without explicitly
considering off-target effects. As such, an open question remains as to how to design
ICI treatments that both reduce the size of the tumour and minimize the risk of severe
side-effects. Autoimmune myocarditis is one such rare but frequently fatal side-effect of
ICIs. We present a mathematical model of autoimmune myocarditis coupled with a simple
tumour growth model, and use optimal control theory to design dosing schedules of ICIs
which simultaneously inhibit tumour growth and prevent the development of autoimmune
myocarditis. These schedules emphasize the need for “treatment breaks” after large
doses of ICIs or high influxes of immune cells to the heart so the immune system has
time to recover. More generally, our approach provides a theoretical framework within
which the trade-offs between on- and off-target drug effects can be evaluated to produce
patient-specific optimal dosing regimens.

Quantitative Personalized Oncology

Heiko Enderling [heiko.enderling@moffitt.org]

Moffitt Cancer Center, Tampa, USA

Incremental improvements in cancer therapy with each iteration of clinical trials have
continued because they have produced reasonable outcomes. The fields of cancer research
and cancer therapy are collecting a wealth of data that both support and challenge our
understanding of the biology underlying the responses seen in the clinic. Of utmost
importance in the immediate future becomes the search for patient-specific treatment
combinations. Only few protocols have been modeled experimentally due to logistic
limitations, and even fewer have been evaluated prospectively in the clinic.. To fully
decipher the complex dynamics of cancer therapy, a concerted effort is needed that
integrates disciplines that have not traditionally been consulted in experimental design
and clinical studies. Mathematical modeling may provide the necessary tools to provide
a mechanistic understanding of the many biological players and their interactions. The
available preclinical data and outcomes from clinical studies are poised to help formulate,
calibrate and validate purposely built mechanistic mathematical models. Such models can
then be used to simulate previously untested treatment protocols. For the application of
mathematical modeling for personalized medicine, further discussions about what models
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can and cannot contribute are necessary.

Tumour microenvironment agent-based models of behaviour during
cancer growth and treatment

Van Thuy Truong1,2, Grant Lythe2,Paolo Vicini3, James W. T. Yates4, Vincent F.
S. Dubois1 [van.thuytruong@astrazeneca.com]

1Clinical Pharmacology and Quantitative Pharmacology, Clinical Pharmacology and Safety
Sciences, AstraZeneca, Cambridge, UK; 2Department of Applied Mathematics, University
of Leeds, UK; 3Confo Therapeutics, Ghent (Zwijnaarde), Belgium; 4DMPK, In Vitro-In
Vivo Translation, R&D Research, GSK

Background:
Tumour survival and escape depends on the interactions of immune cells in the tumour
microenvironment. Features such as PDL1 expression on the surface of cancer cells and
infiltration of immune suppressive cells emerge in the context of the immune response and
of therapeutic interventions such as radiotherapy or chemotherapy. In this work, we show
how systems biology approaches such as agent-based modelling can be used to simulate a
heterogenous tumour population with different characteristics such as mutation rate and
antigenicity and predict outcomes of various treatment options and dosing regimens.

Methods:
We are developing a hybrid ordinary differential equation agent-based models to capture
the interaction between immune cells and cancer cells. Published pharmacokinetic-
pharmacodynamic models were used for the PD1 antibody treatment [1], chemotherapy
[2], and DNA damage response inhibitor treatment [3] and radiotherapy was modelled
with a modified linear square model [4] while cancer cells, immune effector cells and
immune suppressor cells are simulated with an agent-based model. Parameters such as
cancer cell mutation rate, division rate or effector cell infiltration rate govern the cell-cell
interaction.

Results:
When simulated, the model shows the interplay between immune cells and cancer cells
and behaviour in the tumour microenvironment. By way of example, preliminary results
show that after introducing the PD1 antibody treatment, cancer cell growth decreases by
33% with 1mg/kg dose and by 48% with 5mg/kg dose of the PD1 antibody by end of
simulation. The chemotherapy with a 5 mg/kg dose of Docetaxel targets cancer cells in
the G2 and M phase and reduces the cancer cell count 32%, the suppressor cell count
94%, and the effector cell count 94%. Radiotherapy with 2.5 Gy decreases the cancer cell
number by 50%. The immune cell count is initially lowered after treatment but infiltration
increases due to a higher antigenicity after radiation. In addition, radiation leads to a
change in cell cycle distribution due to the different sensitivity of each cell cycle phase and
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cell cycle delays. DNA damage response inhibitor treatment with 50mg/kg only targets
cancer cells in the S phase and decreases the cancer cell number by 33%.

Conclusion:
Combining agent-based models with ordinary differential equations enables us to simulate
different tumour growth profiles and treatment outcomes. Different sensitivity to the
treatment and tumour cell composition due to the cancer cell cycle phase, antigenicity,
immunogenic profile of the tumour microenvironment such as PD1 expression, number of
immune suppressor and effector cells can be taken into account. Future directions of our
work include artificial intelligence methods such as Q learning to aid finding the optimal
combination treatment for a given tumour [5,6].
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Cancer cell phenotypes in resistance and in response to therapy of in
Luminal B breast tumors
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imzade@gmail.com]

Oslo Centre for Biostatistics and Epidemiology, University of Oslo, Norway
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As diversity of tumors becomes more and more clear, the need to understand how
subpopulations inside tumor participate in response to drugs and how composition of
tumors evolve during therapy becomes more prominent. Using bulk gene expression
profiles for breast tumor cells before and during therapy, we have been able to identify
the frequency of subpopulations and their dynamics of during therapy. Interestingly,
the composition of tumor and their evolution is different between good responder and
non-responder tumors. However, we were not able to identify resistance cancer cells.
Instead, similar phenotypes had a different dynamics. We develop a simple mathematical
model for two cancer cell populations and the drug to regenerate the observed data.
Using this model, we explore alternative therapeutic schedules. Our preliminary results
suggests that changing the timing of one of the drugs can regulate dynamics of these
subpopulations and possibly improve patient outcome.
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Study of the initiation of chronic myeloid leukemia by the approximate
bayesian computation method
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Chronic Myeloid Leukemia (CML) is a cancer caused by an exchange of genetic material
between chromosomes 9 and 22 that starts in certain blood-forming cells of the bone
marrow. The leukemia cells grow and divide, building up in the bone marrow and
differentiating in more mature cells spreading in the blood.

Previous studies have shown that it is possible to model the formation of normal blood
cells by a 32-compartment model where each compartment represents a stage of cell
differentiation, going from stem cells to mature blood cells [1, 2]. Based on this assumption,
we use a Markovian Binary Tree (MBT) [3] to model the evolution of the number of
normal and leukemia cells in the 32 compartments.

The goal of our project is to determine the most likely stage of cell differentiation
where the first chromosomal exchange appeared. To answer this question, we use the
Approximate Bayesian Computation (ABC) method [4] on real patient data [5]. This
method provides us with a probability distribution over the compartment where the initial
leukemia cell appeared, and therefore gives us a way to test the correlation between
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the origin compartment and the treatment response for groups of patients with similar
characteristics.
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Adaptive therapy aims to control tumour burden by exploiting competition between
therapy-resistant and -sensitive cells. We tested this strategy using a model of resistance
to Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitors (EGFR TKIs). We
found that a low dose outperforms higher dose and maximum tolerated dose (MTD)
therapy in controlling resistance in monolayer culture. In tumour spheroids, where
cell-cell competition is more spatially confined, low dose therapy outperforms MTD in
both controlling resistance and minimising tumour burden. By combining mathematical
modelling and Bayesian inference methods, we have quantified key parameters of this
system to inform planned preclinical and clinical trials of adaptive therapy. We use these
key parameters to tailor a spatial, agent-based model to simulate and predict in-vitro
spatial growth, and compare these predictions with in-vivo murine data.
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Neuroblastoma is the most common extra-cranial solid tumour in children and over half
of the high-risk cases relapse despite multi-modal therapy, whereupon survival is rare [1].
As targetable mutations (e.g., in ALK) are selected by chemotherapy and enriched at
relapse [2], we propose a new strategy of shrinking the tumour by induction chemotherapy
before targeting the remaining small and mutated populations. The first strike sets an
evolutionary trap. The second (e.g., ALK inhibitors) exploits the druggable mutations in
the vulnerable small populations. Our strategy entails knowing the optimal schedule of
drug administration during induction, as well as when to apply the second strike.

We used ordinary differential equations to model the clonal evolution of neuroblastoma
responding to cyclophosphamide (CPM) and vincristine (VCR). First, the model describes
the logistic growth of clones with different growth rates and levels of drug sensitivity.
Second, it models interclonal mutation and phenotypic acclimation to the drugs. Third, it
models the pharmacokinetics. The parameters were derived from in-vitro experimental
results. We initialised the model to mimic tumours with different clonal compositions.
In each case, we combined a gradient descent algorithm and a genetic algorithm to
optimise induction chemotherapy, which is experimentally known to enrich targetable
mutations (reduced heterogeneity). As our model does not consider space (compactness),
we minimised the population (size).

The one-size-fits-all COJEC induction schedule uses fixed dosages of chemotherapeutic
agents in eight two-week cycles [3]. By contrast, our results suggest that using CPM and
VCR together at the maximum tolerated dosage (MTD) without optimising the number
of cycles is only optimal for a tumour with just sensitive cells. First, in a tumour with
VCR-resistant cells too, using just CPM at the MTD will favour the sensitive cells over
the VCR-resistant cells, minimising the latter. As the advantaged sensitive clone becomes
increasingly dominant relative to the VCR-resistant clone, increasing the VCR dosage
gradually from zero to the MTD will enhance the overall cytotoxic effect. A lower rate of
increase is needed to keep a larger VCR-resistant clone in check. Second and on the other
hand, when sensitive and CPM-resistant cells compete, starting with just VCR before
introducing CPM in later cycles is only optimal when, in the presence of just VCR, the
sensitive cells’ advantage is bigger than CPM’s cytotoxic advantage over VCR. Otherwise,
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CPM and VCR should be used together at the MTD, with the caveat that there be fewer
cycles, which has great implications for timing the second strike. Third, when sensitive
cells compete with both VCR- and CPM-resistant cells, the optimal schedule is logically
the same as in the second case.

Within the context of our strategy, the results mean that an oncologist would need to
know the relative cytotoxicity of each drug, the relative fitness of each clone in the
presence of each drug, and the clonal composition in a patient. The oncologist would
customise the second strike according to the mutations enriched by each drug. Our model
can absorb such an evolutionary rulebook and patient-specific data generated by emerging
technologies such as real-time liquid biopsies to form a decision support system.
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Radiation doses distribution to circulating blood cells following brain
irradiation: a simplified model based on blood volume and blood
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Radiation-induced lymphopenia (RIL) is a remarkable side-effect of radiotherapy whose
exact mechanism remains unclear [1],[2]. RIL could occur even if small volumes are
irradiated such as following brain radiotherapy [3]. This work aims at developing a
simplified model for dose distribution estimation to circulating blood (CB) following brain
irradiation, which could be applied for investigating the potential causes of RIL.

CB in the body is divided into 2 compartments: CB in radiation field and CB in non-
radiation field. Each compartment is represented by its blood volume and mean transit
time. CB was assumed to flow from non-radiation field to radiation field, then stays there
in a certain time equal to the mean transit time of radiation field, after it goes back to
the non-radiation field to finish one cycle. Parameters regarding treatment condition
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including dose rate and spatial coverage could be modified. When applying radiation dose
in a certain time interval, radiation dose was delivered to CB in the radiation field and
distributed throughout the body. This simplified model was easily implemented in R [4].

The model was then applied in estimating the contribution of direct cytotoxicity effect
of radiation beam on RIL. It has been reported that circulating T-cells, a lymphocyte
subpopulation, in whole brain radiation-treated group with X-Rays is about 50% lower
than control group in mice after 4 fractions of 2.5 Gy [5]. However, by applying the model
in the same radiation condition, just about 9% of circulating T-cells are likely to be killed
by the direct effect of X-ray beam. Thus it could be stated that direct effect of X-Ray
beams plays a modest role in the reduction of T-cells following brain irradiation.

Main advantages of this simplified model include i) its applicability to different kind of
species, allowing inter-species comparisons; and ii) its flexibility when changing the size
of irradiated field thus applicable for different types of radiation beams such as X-ray or
proton or different radiation volumes.

Acknowledgements: ANR-10-EQPX1401 and PRECy platform. This project has received
financial support from the CNRS through the 80 Prime program and Ligue Contre le
Cancer
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The role of evolutionary game theory in modelling intercellular dy-
namics in cancer
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Evolutionary game theory (EGT) is a branch of mathematics which considers populations
of individuals interacting with each other to receive payoffs. The higher the payoff
an individual receives, the higher its reproductive fitness; its offspring generally inherit
its interaction strategy, subject to random mutation. Over time the composition of
the population shifts as different strategies spread or are driven extinct. In the last
twenty-five years there has been a flood of interest in applying EGT to cancer modelling,
with the aim of explaining how cancerous mutations spread through healthy tissue and
how intercellular cooperation persists in tumour-cell populations. I discuss how some
understudied theoretical mechanisms can provide insight into the survival of cooperation,
and introduce novel EGT-based models of intercellular dynamics in cancer.

On a subdiffusive tumour growth model with fractional time deriva-
tive

Marvin Fritz1, Christina Kuttler1, Mabel L. Rajendran1,2, Laura Scarabosio1,3, Bar-
bara Wohlmuth1 [m.rajendran@qub.ac.uk]

1Technical University of Munich; Germany; 2Queen’s University Belfast, UK; 3Radboud
University Nijmegen, The Netherlands

In this work, we present and analyse a system of coupled partial differential equations,
which models tumour growth under the influence of subdiffusion, mechanical effects,
nutrient supply, and chemotherapy. The subdiffusion of the system is modelled by a time
fractional derivative in the equation governing the volume fraction of the tumour cells.
The mass densities of the nutrients and the chemotherapeutic agents are modelled by
reaction diffusion equations. We prove the existence and uniqueness of a weak solution to
the model via the Faedo–Galerkin method and the application of appropriate compactness
theorems. Lastly, we propose a fully discretised system and illustrate the effects of the
fractional derivative and the influence of the fractional parameter in numerical examples.

A quantitative description of phenotypic plasticity and its consequences

Shah, Raatz, Traulsen [shah@evolbio.mpg.de]

Max Planck Institute for Evolutionary Biology, Germany

Tumor cells and infectious microbes face changing environments frequently. These
fluctuations can arise due to changes in nutrient availability, the host’s immune response,
or drug treatments. How the bacteria and tumor cell populations respond to modified
environmental conditions is crucial to their persistence. Cell populations have evolved
several strategies to cope with such fluctuating environments. While the molecular basis
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of the strategy may differ, they can be abstracted by similar mathematical models. One
such mechanism is phenotypic plasticity; the ability of one genotype to express varying
phenotypes when exposed to different environmental conditions. This study focuses on
how phenotypically plastic cell populations grow and persist within their environment.

For our work, we represent cell phenotypes as species in an ecosystem. We extend the
competitive Lotka-Volterra model by including transitions between species. This study
considers the proliferation-invasion trait, assuming a trade-off between proliferative and
invasive characteristics. A phenotype transition increases invasiveness and decreases
proliferation; e.g., i → i + 1, or vice versa the reverse, i → i − 1. We investigate how
these phenotypic transitions affect drug treatments, considering trait-dependent and
trait-independent drugs inspired by chemo and immunotherapy.

We find that phenotypically-plastic cell populations generate and maintain phenotype
heterogeneity, and the proportion of each phenotype always approaches a stable distri-
bution. The rate of each phenotypic transition relative to reverse the transition, and
cell growth, determines the stable phenotype distribution and how fast it is approached.
Trait heterogeneity is recognized as a recurrent problem for cancer, and antimicrobial
treatments. By showing that targeting phenotype transitions can improve the effectiveness
of primary therapy, we suggest that adaptive mechanisms are a viable target for adjuvant
therapy.

Modeling the impact of cancer treatment scheduling on the selection
of evolvability leading to resistance

Malgorzata Anna Tyczynska1,2, Andriy Marusyk3,4, David Basanta1 [Malgo-
rzata.Tyczynska@moffitt.org]
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Institute, USA; 4 Department of Molecular Medicine, University of South Florida, USA

Cancer is an evolutionary disease and follows the principles of Darwinian evolution: a
natural selection of individuals whose fitness increased due to inherited geno- or phenotypic
variations [1]. Consequently, evolvability, i.e., the trait of inducing heritable variation, is
crucial for cancer development and progression [2]. In fact, most genetic [3] and epigenetic
[4] mechanisms that are recognized as hallmarks of cancers [5], are also known to result in
the evolvability of cancer cell populations [2], [6]. In the context of treatment, evolvability
can be critical for the evolution of resistance, the cause of 90% of cancer–related deaths.
For example, in ALK+ NSCLC (Non-Small Cell Lung Cancer; ∼74k cases/year, worldwide
[7]) treated with targeted therapy (Tyrosine Kinase Inhibitors), resistant cells display
genetic and epigenetic alterations acquired during treatment [8]. Since these resistant cells
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were also shown to emerge gradually, in the process of adaptation to treatment [8], these
findings raise the possibility that treatment selects for specific mechanisms of evolvability
at distinct stages during the evolution of resistance. If true, this hypothesis implies
that changes in treatment scheduling can alter the selection of evolvability, and,
consequently, delay the emergence of resistance. We address this hypothesis using a
2D off-lattice Agent-Based Model, where each cell can engage in a distinct mechanism of
evolvability in response to one of specific treatment doses and schedules. By monitoring
cell population sizes over time, we analyze the impact of treatment schedules and model
parameters defining selection for evolvability in cells. Our results are fundamental for
further investigation of the impact of evolvability on cancer resistance, and the first step
towards the understanding of how the evolution of resistance can be prevented, which,
when validated in clinical studies, can solve a critical problem in modern oncology.
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Mathematical modeling of Lynch syndrome carcinogenesis
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Lynch syndrome is the most common inherited cancer predisposition syndrome with 1
out of 180 affected individuals. It predisposes affected individuals to develop cancer in
the large bowel (colorectal cancer) and other organs. Lynch syndrome reflects general
principles of carcinogenesis and tumor immunology beyond the hereditary context in
an exemplary manner. In the last few years, we, mathematicians and tumor biologists
from Heidelberg, Germany, together with national and international collaborators have
focused on developing mathematical and computational models [1,2], statistics [3], and
bioinformatics approaches [4] to obtain a better understanding of cancer development
in Lynch syndrome at different scales ranging from the cellular over the tissue to the
population level. We will present an overview of these activities, which are now officially
funded in a 3-year project, with the overall aim to improve existing prevention strategies
like vaccination for Lynch syndrome individuals.
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A hybrid modeling environment to describe aggregates of cells het-
erogeneous for genotype and behavior with possible phenotypic tran-
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Biological systems are typically composed of cells with heterogeneous genotypes, which
are able to change their phenotypes in spite of carrying the same genetic makeup. In
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general, phenotypic switches may be spontaneous or determined by external stimuli, such
as ecological inputs; furthermore, the genotype clearly influences the process. In order
to take these aspects into account, a hybrid modelling framework is proposed, in which
a discrete structuring variable distinguishes cells according to their genotype while a
specific mathematical representation (i.e., individual/pointwise vs. collective/density-
based) is assigned to each individual on the basis of its phenotypic hallmarks. A coherent
procedure is then set to reproduce mechanisms of phenotypic plasticity, taking into account
stochasticity and environmental conditions; the procedure is based on the definition of a
bubble function (as already done in [2]), which gives the spatial distribution of the mass
of a single cell.

It is important to notice that in this approach the “discrete vs. continuous" dichotomy
does not refer to the spatial scale at which the system is modelled. Rather it describes
cells behavioral hallmarks: a pointwise description is in fact more appropriate for special-
ized/activated/highly metabolic cells, while a density-based representation, characterized
by a lower level of individual detail, is more suitable for non-specialized/quiescent/poorly
metabolic cell ensembles.

The proposed modeling environment is then applied to the scenario of a heterogeneous
tumor aggregate cultured in vitro. In this setting, the discrete representation is used
for mesenchymal cells, i.e., with the ability to undergo individual directional movement
in response to environmental cues; on the other hand the continuous representation
is used for epithelial cells, i.e., cells which undergo collective dynamics mainly guided
by intercellular communication. Stochastic phenotypic transitions are assumed to be
stimulated by the oxygen concentration with a probability that depends on the genetic
trait. Finally, further cell behavior such as migratory dynamics and duplication/apoptotic
processes, as well as with chemical kinetics, are included. A numerical simulation of the
process is then performed.
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Spatio-temporal cumulant models analytically describe individual-based
model dynamics and facilitate analysis of localised cell-cell interac-
tions in cancer systems
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Tampere Institute for Advanced Study, Tampere University, Tampere, Finland

453



Individual-based models (IBMs) are widely used in mathematical oncology to study cell-cell
interactions and eco-evolution in cancer systems. Theoretical and applied cancer studies
that use IBMs have been limited by the lack of a mathematical formulation that enables
rigorous analysis of these models. However, spatio-temporal cumulant models (STCMs),
which have arisen from recent advances in theoretical ecology and probability theory,
can be used to describe population dynamics generated by a specific family of IBMs,
namely stochastic point processes (SPPs). STCMs are analytical and spatially resolved
population models that, after mathematical manipulation, can be formulated by a system
of ordinary differential equations that approximate the dynamics of two SPP-generated
summary statistics: first order spatio-temporal cumulants (densities), and second order
spatio-temporal cumulants (spatial covariances).

Here, we exemplify how STCMs can be used in mathematical cancer research by modelling
a cancer cell population that comprises interacting growth factor-producing and growth
factor-dependent cells. Our simulation results demonstrate that STCMs can capture
SPP-generated population density dynamics, even when mean-field population models
fail to do so. We discuss how STCMs (1) provide a new framework in which to study
cell-cell interactions and (2) can be used to deepen the mathematical analysis of IBMs
and thereby increase their applicability in cancer research.

Understanding the interplay of tumor and macrophage cell plasticity
in the context of glioma growth

Shojaee1, Mascheroni2, Hatzikirou1,3 [pejman.shojaee@tu-dresden.de]

1Centre for Information Services and High Performance Computing, TU Dresden, Germany;
2Laboratoire Interdisciplinaire de Physique, University of Grenoble, France; 3Mathematics
Department, Khalifa University, Abu Dhabi, UAE

Historically, glioblastoma has been regarded as one of the deadliest cancers with a poor
prognosis. This type of cancer has a highly heterogeneous tumor microenvironment
(TME). TME consists of cellular and exracellular components that influence the rate of
proliferation and migration of glioma cells. A change in the TME can alter the phenotype
of glioma cells and activate the corresponding proliferation or migration states. Tumor-
associated macrophages (TAMs) are considered the most abundant immune cell types
in the TME. They can induce both pro-tumor (M2) and anti-tumor (M1) types, which
are activated by the presence of IL-4 or IL-13 and TNF-α or IFN-γ, respectively. TAMs
and glioma cells can interact with each other and affect tumor progression. Here, we
aim to investigate how these interactions can change glioma cell and TAMs phenotypes
and how we can manage to manipulate TAMs’ polarization to achieve better treatment
outcomes. In this regard, we consider the role of oxygen concentration as a critical
determinant of cellular plasticity. We provide a system of partial differential equations
(PDE) to investigate the spatiotemporal tumor spread and the associated phenotypic
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plasticity of the involved cells. Sensitivity analysis of the model is employed to establish
useful metrics for the parameters and system-level analysis of the model. The results may
help in increasing the accuracy of predicting glioma dynamics and shed light in the disease
mechanisms.

Efficient three-dimensional modeling of colonic crypts for large mi-
croscale simulations of cancer development

Valentin Schmid1,2, Saskia Haupt1,2, Nils Gleim2, Vincent Heuveline1,2 [valentin.schmid@h-
its.org]

1Data Mining and Uncertainty Quantification (DMQ), Heidelberg Institute for Theoretical
Studies (HITS), Germany; 2Engineering Mathematics and Computing Lab (EMCL),
Interdisciplinary Center for Scientific Computing (IWR), Heidelberg University, Germany

Off-lattice cell-based spatial models have been successfully used to simulate cell dynamics
in the colonic crypt epithelium. However, the level of detail of the simulated models is
often limited by the high computational costs of off-lattice cell-based models. This makes
long simulation times for human colonic crypts challenging in particular in the context of
cancer development. To circumvent this, we have developed a simulation method designed
to exploit the full spatial structure of biological cells in a way that makes efficient use of
the computational hardware. This approach overlays the distribution of biological cells
with a simpler spatial structure such that space decomposition methods can be applied
beneficially even if the cell distribution changes rapidly. Thus, the computing efficiency
of cell-based simulations can be heavily improved in two ways. Firstly, via the choice of
the geometric representation of the cells which allows for fast numerical algorithms and
secondly, this method can be efficiently implemented in parallel which facilitates the use
of high-performance computing clusters. Thereby, this allows to increase the possible
simulation time to oncologically relevant timescales, for example to understand how
alterations of single cells can lead to the disruption of tissue homeostasis. We will present
preliminary results on how colonic crypts are formed in a three dimensional setting.

Modelling spatial heterogeneity in 3D tumour growth driven by phe-
notypic changes

Cicely Macnamara1, Alfonso Caiazzo2, Tommaso Lorenzi3 [ci-
cely.macnamara@glasgow.ac.uk]

1University of Glasgow, UK; 2WIAS Berlin, Germany; 3Politecnico di Torino, Italy

Our research is focused on using mathematical and computational modelling to better
understand the specific mechanisms that occur in the tumour microenvironment and
underpin tumour growth and development. In this talk we present our 3D off-lattice
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agent-based multi-scale model which simulates the behaviour of, and spatio-temporal
interactions between various tumour agents (namely cells, extracellular matrix fibres and
blood vessels) [1-2]. Mechanical interactions between agents occur through repulsion
and adhesive forces. The mechanical model is coupled to a finite element solver which
solves a reaction-diffusion equation for chemical substances (e.g. oxygen) which diffuse
throughout the 3D tissue domain from sources (e.g. blood vessels) and are consumed
by agents (e.g. cells). Agent behaviour is governed both by the mechanical interactions
and changes to their phenotype. Specifically, we consider oxygen-mediated phenotypic
changes in which cells respond differently to normoxic and hypoxic environments. In this
talk we will focus on recent work which seeks to investigate both how heterogeneous
phenotypic changes arise and how they in turn affect the spatial configuration of tumours.
We will discuss comparisons to a continuous PDE formalism of phenotypic heterogeneity
in vascularised tumours [3].
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Computational modelling of human stem cell fitness of pre-leukaemic
mutations

J. Lemos-Portela [j.lemos97@gmail.com]
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Clonal Haematopoiesis of Indeterminate Potential (CHIP) is an age-related phenomenon
that contributes to the risk of developing blood malignancies. In a person affected with
CHIP, somatic mutations in stem cells create a rapidly growing subpopulation of cells
(clones). To quantify how each mutation affects the growth rate of these clones, we use
the concept of stem cell fitness, which is defined as the proliferative advantage over cells
carrying no or only neutral mutations.

Our reference for this study is a longitudinal dataset form the Lothian Birth Cohort (LBC),
from which we have deeply sequenced chromosomal locations for around 100 individuals
over a 12 year span. In a recent study, we have used stochastic birth-death processes and
Bayesian statistics to infer the fitness advantage of each mutation, assuming that the fit
mutations cause an exponential growth of the subpopulations.
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Based on alternative approaches for clonal growth dynamics [2], we decided to investigate
birth-death models where the fit subpopulations follow a logistic growth. These models
assume that the proliferative advantage depends on the size of the clone relative to a
carrying capacity. As the size of the population increases the proliferative advantage
decreases, until a carrying capacity is reached and the system goes back to a state of
equilibrium. We analyse different possible We use Bayesian parameter inference and model
comparison to decide which clones are more likely to follow an exponential or a logistic
growth.
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An integrated approach to understanding the clonal dynamics of child-
hood acute lymphoblastic leukemia from diagnosis to relapse
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Up to 20% of children with acute lymphoblastic leukemia (cALL) will relapse after initially
responding to treatment. Dissecting the evolutionary population dynamics leading to
relapse would help explain treatment failure from a mechanistic standpoint, aiding the
design of more effective therapies. Comparisons of genetic heterogeneity at diagnosis
and relapse have shown that relapse is often dominated by either a specific diagnostic
subclone or its evolutionary progeny, leading to the idea that selection during treatment of
cALL primarily operates at the genotype level. However, due to the technical difficulties
associated with analyzing the rare cells that survive treatment in patients, definitive
support for this idea is thus far missing. To overcome this challenge, we have previously
developed a xenograft model of cALL induction chemotherapy treatment. Combining this
with single-cell resolution analysis, we showed that, despite a massive reduction in leukemic
burden, the first 28 days of chemotherapy have little impact on the genetic heterogeneity
of cALL. This finding was inconsistent with the idea of selection acting at the level of
genotypes. Instead, treatment induced a bottleneck at the level of cell state, determining
the survival of a transcriptionally homogeneous population broadly characterized by reduced
biosynthetic activity and cell dormancy. However, cALL treatment lasts several years and
cannot be entirely modelled in vivo. Hence to assess whether genetic selection could act on
a larger timescale or whether the clonal dominance frequently observed at relapse results
from stochastic sweeps, we have implemented a data-driven mathematical model using the
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Hybrid Automata Library (HAL) to simulate longer treatment courses. The model allows
for explicit spatial and temporal tracking of the evolutionary trajectories, both at genotype
and phenotype level, of individual cells from diagnosis to relapse. A large parameter space
was investigated in the model in order to identify those parameters that best recapitulate
the biology of leukemic cALLs undergoing treatment in vivo. Surprisingly we found that
preserved genetic heterogeneity post-induction treatment and clonal dominance at relapse
are features of virtually all relapsed leukemias, regardless of whether subclones with equal or
varied fitness populate the diagnostic disease. This finding highlights the misinterpretation
risks associated with limited disease snapshot analysis. Crucially, although genetically
driven leukemias and leukemias in which all subclones have a similar probability of entering
dormancy had similar endpoints, their temporal evolutionary dynamics largely differed. In
the latter, reproducibly fewer cells survived induction chemotherapy, and relapse occurred
on longer timelines, predominantly post-treatment. This observation provides the first
empirical evidence of the notion that early and late relapse in cALLs may result from
distinct selection mechanisms. Our preliminary data further suggest that even when
high-fitness subclones are present, specifically targeting them is, in many cases, unlikely
to improve overall outcome. Alternative dose fractionation protocols leveraging the
epigenetically homogenous nature of residual cells may hold a better promise.

Are omental adipocytes key enablers of Epithelial Ovarian Cancer
Progression (poster)

S.Oliver1, D.Gonzalez2, G.Powathil1 [sam.m.oliver@swansea.ac.uk]
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Ovarian cancer is a highly deadly and uncontrollable malignancy with a 5-year survival
rate of less than 50% [1]. Several factors are responsible for the inefficiency of treatment
and poor prognosis, including late diagnosis, enhanced chemoresistance, and high rates
of metastasis. Cancer tumours depend on the surrounding stromal cells to support their
growth and facilitate the important phenotypic changes required to become life threatening.
To help quantify these interactions, we developed a multiscale agent based mathematical
model to simulate tumour growth and its dependence on fat levels within both 2D and 3D
spatial domains. By using data obtained in vitro that analyses various epithelial ovarian
cancer cell lines and the possible impacts of omental adipocytes, we will produce accurate
models to represent the dynamics of the tumour growth and simulate substrate levels. The
developed model is implemented using Physicell framework incorporating both intracellular
and intercellular dynamics. This model will be used to understand the adipose-tumour
interactions and obtain insights into factors such as chemoresistance and metastasis,
moving us one step closer to patient-specific treatment protocols. Our work indicates
that higher proportions of fat surrounding the tumour within patients generally lead to
more aggressive cases of the disease and enhanced chemoresistance. These facts, along
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with rising rates in obesity in the western world, highlight the requirement for intensive
research into adipose-tumour cell interactions and how treatment for cancer patients may
depend on their obesity status.
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Brain tumours are among the most aggressive and malignant types of cancer, since they
show a strong resistance to common therapeutic treatments and often lead to neurological
damage to patients, with a very poor prognosis. Therefore, it is of primary importance to
understand the high heterogeneity of brain structure: in this respect, mathematical and
computational models may provide powerful tools to investigate brain cancer progression
and possibly support clinical decisions. In the last decades, several models that describe
tumour proliferation in the brain have been proposed, using different frameworks and
focusing on different aspects of the biological phenomenon. However, the majority of
these models does not include a mechanical description of brain tissue, which instead
may be relevant to predict the evolution of the pathology. Indeed, the compression and
deformation of the host tissue caused by a tumour inside the brain may represent a
negative prognostic factor for the patients as well as a cause of neurological impairment.
Moreover, solid stresses subsequent to the presence of a growing mass have been recently
shown to be responsible of reduced vascular perfusion and neuronal damage [1].

Motivated by these observations, we present a mathematical model of brain tumour growth
which explicitly features brain elasticity and the multiphase nature of the tissue, composed
by a solid and a fluid phase. This approach allows us to evaluate the mechanical impact
of the growing mass on the surrounding healthy region, quantifying the displacements,
deformations and stresses induced by tumour proliferation. In particular, we are able
to account for both solid and fluid stresses separately: the former are due to forces
physically exerted by cancer cells, while the latter include the contribution of the fluid
phase permeating the brain. Furthermore, the knowledge of the relevant mechanical
quantities may be employed to model stress-induced inhibition on tumour growth: an
excess of compression might in fact influence significantly the cellular proliferation [2].

Finally, the numerical simulations of our model are performed on a realistic three-
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dimensional brain geometry, in which diffusion and permeability data reconstructed from
medical imaging can be incorporated through the construction of appropriate tensors [3].
In this respect, the numerical computation of the deformation field is employed to modify
such data in time and space as a consequence of tumour growth, accounting for the fact
that the cancer mass dislodges or destroys the white matter fibres in the surrounding
healthy tissue. This represents an advantage for brain tumour growth simulations, since
it allows to consider changes in imaging data without the need of repeating multiple
screening exams on the patient.
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Modelling the spatial ecology of cancer
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In targeted treatment for cancer patients typically they experience a significant initial
response that reduces over time till relapse occurs. These dynamics suggest resistance to
the treatment drug develops, though the mechanisms are not fully understood. Recent
research indicates the developed resistance is not only explained by mutations of the
cancer cells themselves but can also be attributed to the interactions within the tumour
microenvironment [1]. In particular we investigate the interactions that occur whereby
the tumour, in the presence of treatment drugs, can recruit cells in its mircoenviroment,
called the stroma, to help defend against the drug [2]. With the recruited stoma cells,
cancer cells can create transient protective niches that facilitate drug resistance.

This poster presents a mathematical model to describe the interations between the tumour
and stroma while undergoing treatment along with some preliminary results. Here we
introduce a measure we call the proliferation signal that represents the accumulation of
factors that influence the behaviour of the cancer cells. With high proliferation signal a
cancer cell, in mitosis, will divide, while if the proliferation signal is low then a cancer cell
will die. Cancer cells can enter a quiescent state if the proliferation signal is between the
threshold values for death and proliferation.
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We use a hybrid discrete continuum cellular automaton to capture the dynamics of the
tumour and the stroma while undergoing treatment. A small section of tissue where the
vessels run parallel is considered with vessels, stroma cells and cancer cells are represented
by agents in a lattice layer. There are two other layers that these agents interact with.
These layers represent the treatment drug and the proliferation signal concentrations
respectively. Each of these are modelled using partial differential equations where the drug
enters through the vessel sites and diffuses within the domain with Neumann boundary
conditions on the boundary of the domain and at the vessel sites. The drug modulates the
proliferation signal along with autocrine and paracrine signal contibutions from cancer and
recruited stroma cells respectively. The model is built using the HAL package available
from Anderson Lab [3].

Our in silico model can be calibrated to describe clinically and experimentally observed
dynamics. We present priliminary results with the aim to gain insights into theraputic
strategies that can successfully control the emergence of drug resistance.
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Damage to the DNA of human cells happens thousands of times per cell per day and the
cellular response to detect and repair this damage is controlled by proteins involved in
the DNA damage response (DDR) pathway. The DDR consists of cell cycle checkpoints,
which are responsible for arresting any damaged cells to allow time for repair. This
stops damaged cells from replicating and dividing, as doing so with damage could lead to
deleterious mutations. In cancer cells, these checkpoints can be faulty, or the proteins used
to repair the damage may be deficient - allowing damaged cells to progress through the cell
cycle without accurate repair. Here, we will discuss a biologically motivated mathematical
model incorporating DNA damaged and undamaged cancer cells progressing through the
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cell cycle. Using this model system, we investigate the effects of two anti-cancer drugs,
namely olaparib (a PARP inhibitor) and AZD6738 (an ATR inhibitor) as monotherapies
and in combination. The model findings are consistent with the experimental data showing
the synergistic activity of the drugs. When used in combination, lower doses and shorter
treatment times can be used to induce cell death and growth inhibition of cancer cells.
Furthermore, the model will allow us to investigate the optimal scheduling, sequencing,
and dosage of multimodality treatments together with DDR inhibitor drugs.
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Mathematical and statistical approaches to investigate cancer cell’s
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Tumour metabolism is an emerging topic that has gained interest due to the new insights
it can bring in developing novel therapeutics. Oxygen availability in the microenvironment
will mainly impact the cell energy metabolism. It has been shown that tumour can induce
vessel growth in hypoxia. Thus, tumour oxygenation has been widely studied to assess
the effect of drugs in therapy. Here, we will discuss a recently developed mathematical
model to study the impact of the Hypoxia Inducible Factor (HIF) protein on cellular
metabolism [1]. In parallel, we have studied altered pathways in glioblastoma, a highly
invasive and aggressive brain tumour, using RNA-Seq data of cells taken from patient’s
tumour and cultivated in vitro. The current standard of care consists of surgery followed
by radiotherapy combined with temozolomide chemotherapy has been established a decade
ago and the overall patient survival hasn’t greatly improved since. To determine which
pathways are affected by glioblastoma, we used pathway enrichment analysis, a statistical
method that summarizes a list of deregulated genes as a smaller list of biological pathways,
on our data with prior knowledge from different databases. The results indicate that signal
transduction is the most deregulated cell function among all the patients. Furthermore, our
analysis provided insights into other pathways that may have implicated the extracellular
matrix organization within glioblastoma.
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Effects of modelling assumptions on the arising dynamics in a cellular
automaton model of tumour-immune interactions

Roisin Stephens, Philip Maini, Helen Byrne [stephens@maths.ox.ac.uk]

Wolfson Centre for Mathematical Biology, University of Oxford, UK

Agent-based models allow the simulation of complex biological systems with detailed
spatial resolution, and generate rich spatio-temporal datasets. In order to fully leverage the
information contained within these simulated datasets, spatial statistics provide methods
of analysis and insight into the biological system modelled, by quantifying inherent spatial
heterogeneity within the system. Cellular automata are commonly used to model tumour-
immune dynamics, due to their relatively simple and efficient design. Although the models
are simple in design, many assumptions are made when constructing such models. We
present a cellular automaton model of tumour-immune interactions and an analysis of the
model dynamics, considering both the temporal and spatial evolution of the system. We
use the model to investigate some of the standard assumptions made in these models, for
example cell size and neighbourhood interactions, to assess the suitability of the models
to accurately describe tumour-immune dynamics.

Personalizing chemotherapy based on mathematical modeling

Dániel András Drexler, Levente Kovács [drexler.daniel@uni-obuda.hu]

Physiological Controls Research Center, Obuda University, Budapest, Hungary

The combination of engineering and mathematics with medical sciences already proved to
be useful in medical diagnosis. A similar approach in treatments has great potential. The
fundamental and key component of mathematical therapy generation is the underlying
mathematical model describing the effect of the therapy on the subject that is treated.
After the form of the equations is described, the model parameters specific to the individual
have to be identified, which is required for personalizing the therapy. Finally, based on the
mathematical model and the individual parameters, personalized therapy can be generated
based on optimization and control engineering methods.

We discuss a mathematical model that describes the effect of chemotherapy on tumor
growth [1,2]; the model is formulated using formal reaction kinetics [3,4], providing an
effective tool for communication in interdisciplinary research. We present the challenges
of parameter identification and personalization of therapy, and several approaches to
generate personalized therapies. Finally, we show the performance of the algorithms in
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preclinical trials.
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High-throughput data, bioinformatics, and systems pharmacology for
personalising anticancer drug combinations: application to SWI/SNF
deficient tumours

Jorge Bretones Santamarina, Annabelle Ballesta [jorge.bretones-
santamarina@curie.fr]
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Nowadays the cancer community largely agrees on the need for patient-specific diagnostic
and treatment, which may be achieved through the design of a digital representation of
the patient. Such virtual clone should incorporate comprehensively multi-type patient data
such as tumour multi-omics, imaging, or phenotyping, as well as multi-scale information
originating from preclinical investigations. Thus, the goal of this project is to develop a
novel automatized pipeline combining the use of high throughput data, bioinformatics, and
mathematical modelling to promote personalised medicine for cancer therapeutics [1,2].
The approach is being first developed using human cell lines mutated for different subunits
of the SWI/SNF complex, a chromatin remodelling complex altered in ≈ 20% of all solid
tumours. Little is known about how to selectively target cells holding defects in this
complex and there is increasing evidence that mechanism-based approaches investigating
synthetic lethality strategies may be proven successful [3,4].

The data available consists of transcriptomics (RNA-Seq) and proteomics (mass spec-
trometry) for the HAP1 wild type (WT) cell line and 12 monogenic mutants of chromatin
remodelling complexes (ARID1A, ARID1B, ARID2, BAP1, CREBBP, KMT2C, KMT2D,
PBRM1, SETD2, SMARCA2, SMARCA4 and SMARCB1). Firstly, we performed pathway
analysis on transcriptomics and proteomics of each cell line independently, to find a set of
deregulated pathways that may be targeted, as follows. Differential expression analysis
was conducted to generate lists of genes/proteins deregulated in a mutant as compared
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to the WT [5,6,7]. Biological pathways overrepresented in those lists were identified using
two methods: overrepresentation analysis (ORA) [8] and Gene Set Enrichment Analysis
(GSEA) [9]. To perform such analyses, pathways of Reactome (v74, 2441 pathways) [10]
and BioPlanet (v1.0, 1658 pathways) [11] databases were filtered to obtain a minimum
set of interesting pathways to test for enrichment (412 in Reactome, 816 in Bioplanet).
To compare transcriptomics and proteomics enrichment analysis, enriched pathways were
mapped to their corresponding meta-categories and category rankings were compared
using the Kendall Test [12], which concluded to a poor transcriptomics/proteomics
agreement for both Reactome (τ=0.49, p<0.001) and Bioplanet (τ=0.43, p<0.001).
Reactome and Bioplanet results were also compared using regular expressions to map
Bioplanet pathways to Reactome categories using pathway names. The Kendall test
predicted a moderate correlation between both (τ=0.63, p<0.001), low enough to keep
both databases for the following steps. According to the enrichment results there are
41 unique pathways across all cell lines predicted as deregulated in Reactome and 32 in
Bioplanet. The most deregulated Reactome category across all cell lines was Metabolism
of Proteins with 10 unique deregulated pathways, followed by RNA metabolism and Cell
Cycle (with 7 and 6 pathways, respectively). Mutants were clustered by unsupervised
learning methods (K-means and hierarchical clustering) using the Normalised Enrichment
(NES) Score from GSEA for each significant pathway. All methods agreed on an optimal
number of 4 clusters: (1) SMARCA4, (2) SMARCB1, (3) KMT2C and (4) the rest
of the mutants. Interestingly, this indicated that the mutants cannot be separated into
SWI/SNF and non SWI/SNF alterations according to the enrichment results. However,
there was an enriched pathway named “Asparagine N-linked glycosylation”, which was
significantly upregulated in only 5 out of 6 SWI/SNF mutants. This pathway may be
relevant in the context of cancer research, as it is frequently altered in tumours leading
to microenvironment modifications promoting invasive phenotypes [13,14].

Therefore, we further analysed this pathway by employing the Cancer Dependency Map
Project database [15] to access CRISPR gene depletion assays for 1470 cell lines and
more than 17300 genes [16–19]. This resource was used to determine whether knocking
down genes present in our enriched pathways could induce synthetic lethality in cell lines
KO for SWI/SNF subunits. HAP1 KO lines were mimicked by selecting cell lines in the
database with low (last quantile) or high expression (first quantile) of the KO gene of
interest (i.e.: mutant gene). Then, the nonparametric Wilcoxon test [20] was used to
compare the CRISPR effect of genes of the pathway of interest individually (E.g.: CRISPR
gene) between both cell line populations. Out of 286 genes in the Asparagine N-linked
glycosylation pathway, the KO of 58 achieved significant effects in at least one SWI/SNF
mutant cell line. The enrichment information is being currently analysed together with
these CRISPR results to design a mathematical model based on ODEs of the pathway
of interest, which will be used to investigate potential drug targets and optimal drug
combinations.

This bioinformatics studies of multi-type high-throughput datasets allowed to identified
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key pathways which were specifically deregulated in cell lines mutated for SWI/SNF
complex subunits and not in the corresponding WT conditions. The next step is to build
mechanistic systems pharmacology models that represent those pathways dynamically, in
order to discover new drug targets and synthetic lethality strategies. Proteomics data,
along with the CRISPR database and other literature datasets will be used to calibrate
the models for each cell line. Such calibrated patient-specific models will serve to predict
optimal druggable targets and drug combinations using numerical optimisation, as in a
systems pharmacology pipeline [1,2].
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Modelling the effect of vascular architecture on the outcome of com-
bination therapies

Vedang Narain1,2, Jakub Köry3, Bernadette J. Stolz2, Joe M. Pitt-Francis4, Helen
M. Byrne2, Philip K. Maini2 [vedang.narain@msdtc.ox.ac.uk]

1Medical Sciences Doctoral Training Centre, University of Oxford, UK; 2Mathematical
Institute, University of Oxford, UK; 3School of Mathematics and Statistics, University of
Glasgow, UK; 4Department of Computer Science, University of Oxford, UK

Tumour angiogenesis results in blood vessels that are structurally heterogeneous, unevenly
spaced, and tortuous. This disordered architecture leads to poorly-perfused regions in
tumours. Poor perfusion, in conjunction with increased hypoxia and oxygen heterogeneity,
impairs the tumour’s response to oncological therapies. Pruning smaller, redundant
vessels as part of a strategy to repair and remodel abnormal vasculature (known as
‘vessel normalisation’) may improve perfusion and, as a result, enhance the efficacy of
combination therapies. However, the exact mechanism of vessel normalisation remains
unclear, preventing its deployment as a mainstay of cancer treatment.

In this work, we will present a novel multi-physics computational model to determine the
relationship between a tumour’s vascular architecture, perfusion levels, and response to
treatment. We use our model to compare different rules for partitioning haematocrit
at vessel bifurcations, and to identify architectural features that can be used to predict
whether a tumour’s response to treatment will be enhanced by the selective removal of
vessels. We test the clinical potential of our model by applying it to biological networks. In
the longer term, we aim to use our model to identify tumours that are good candidates for
vessel normalisation, and to determine how it can be combined with existing treatments
in order to maximise damage to a tumour.
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Optimizing Temozolomide-based drug combinations in the context of
brain tumors, through systems pharmacology
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Glioblastoma multiforme (GBM) is the most frequent and aggressive type of primary brain
tumours in adults. Despite very intensive treatments including maximal safe neurosurgery,
radiation therapy and chemotherapy, the prognosis of GBM patients remains poor with a
median overall survival below 18 months. Temozolomide (TMZ)-based chemotherapy is
the most common pharmacological treatment in patients with diagnosed GBM. Even if
TMZ administration has improved patient overall survival, the prognosis remains dismal [1]
and no major therapeutic advance has been accomplished within the past 10 years. This
may be related to the tumour heterogeneity and plasticity ultimately leading to treatment
escape, such challenge being further complicated by large inter-patient variability.

Multiple regulatory pathways may be deregulated initially or activated upon drug exposure
in GBM cells, which advocates for the design of optimal therapies simultaneously inhibiting
several targets. As already used in other contexts [2], this concept of synthetic lethality
suggests the potential efficacy of supplementing TMZ treatment with targeted molecules
affecting key intracellular functions such as DNA repair, cell cycle, apoptosis, etc. To that
end, new quantitative systems pharmacology approaches combining experimental and
mathematical expertise provide interesting perspectives towards the design of safe and
efficient TMZ-based therapies against GBM [3, 4]. Thus, this study aims to provide a
mechanism-based approach to patient-tailor GMB treatments, consisting in a combination
of TMZ with targeted agents, in order to enhance the efficacy of TMZ administered as a
single agent.

This work presents a mathematical model, based on ordinary differential equations, of
TMZ pharmacokinetics - pharmacodynamics (PK-PD). The model describes key regulatory
networks activated from TMZ exposure to cell rescue or apoptosis. Briefly, TMZ is a
methylating agent that creates lesions on the DNA after a two-step activation process [5].
Four types of DNA adducts are formed upon drug exposure, which are handled either by
O6-methylguanine-DNA methyltransferase (MGMT) or by the base excision repair (BER)
system [6, 7]. If DNA repair is unsuccessful, DNA single- or double-strand breaks are
created, which triggers Homologous Recombination (HR), ATR/Chk1 and p53 activation,
cell cycle arrest and possibly apoptosis [8].

Model parameters were carefully estimated in sequential steps involving the use of
longitudinal and dose-dependent datasets of TMZ cellular PK, DNA adducts, double-
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stranded breaks, ATR, Chk1 and p53 phosphorylation, and cell death (295 datapoints
in total). Model calibration consisted in a modified least square approach ensuring data
best-fit under biologically-sound constraints, the numerical minimization problem being
performed by the Covariance Matrix Evolutionary Strategy (CMAES) algorithm. The
model was able to reproduce multi-type datasets of several independent studies, mostly
performed in two LN229 glioblastoma human cell lines: parental and TMZ sensitive
LN229 MGMT- cells or MGMT-overexpressing TMZ resistant LN229 MGMT+ cells [9,
10, 11]. This calibrated PK-PD model was then used as a powerful tool to investigate
new therapeutic targets and multi-drug strategies. As a start, we investigated drug
combinations involving TMZ and one targeted therapy. The only strategy leading to a
drastic increase of TMZ efficacy in both cell lines was the complete inhibition of BER.
However, this required an unrealistically high inhibition level of more than 90%. Next,
exploring combinations of TMZ with two inhibitors revealed at least three possible targets:
MGMT, BER, and HR. The optimal strategy, defined as the one requiring the smaller
percentages of inhibition, was the combination of BER and HR inhibitors. This therapeutic
strategy is currently being investigated experimentally in both LN229 cell lines.

The next step is to calibrate the model using multi-omics datasets available for GBM
patient-derived cell lines. The goal is to propose for each patient a personalized combina-
tion therapy in order to maximize the death of cancer cell.
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Frequency and density-dependent interactions in stomach cancer
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Heterogeneous cancer cell populations contribute to treatment failure. We hypothesize
that tumor microenvironments select for particular cellular phenotypes based on a tradeoff
between growth rate and carrying capacity. Additionally, we consider frequency-dependent
interactions where the phenotypes of a cell’s neighbors affect its fitness through cooperative
(e.g., exchange of growth factors) and competitive (resource depletion) interactions.

To test these hypotheses and compare the relative effects of (i) density and (ii) frequency-
dependent selection on tumor evolution, we have developed two mathematical models
integrated with experimental and computational techniques. In both models, we investigate
the growth dynamics of cancer cell subpopulations defined by somatic copy number
alterations detected in single cell RNA/DNA-sequencing data from 5 gastric cancer cell
lines (HGC-27, KATOIII, NCI-N87, NUGC-4, SNU-16). For density dependence (i), we
have identified transcriptomic biomarkers of growth rate (r) and carrying capacity (K).
These r/K biomarkers are used to parameterize logistic, power-law, and Gompertzian
growth models to evaluate which best captures the observed growth. Regarding frequency-
dependent selection (ii), we have deployed an inverse game theory algorithm which takes
temporal subpopulation frequency observations as its input and outputs a parameterization
for the replicator equation which can recapitulate the detected frequencies. The algorithm
uses a penalized least squares method that takes the error to be the difference between
replicator equation output and subpopulation frequency input.

For (i) density-dependence, we tested 25 KEGG pathways previously identified as be-
ing differentially expressed between r and K-selected subpopulations as transcriptomic
biomarkers of cell line growth parameters. To do so, we build linear models correlating
pathway expression levels with observed r/K values. The best fitting models are then
used to infer subpopulation-specific r/K parameters. In 4/5 of cells lines, all 3 growth
models that were tested fit the data well (R2 ≥ 0.93), with logistic being the best fit
or tied for best fit. In each cell line, an r/K tradeoff existed between at least 1 pair of
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subpopulations, suggesting density conditions will indeed select for certain phenotypes. In
the case of (ii) frequency-dependence, our algorithm is able to accurately recapitulate
subpopulation frequency data, providing a framework for analyzing cell-cell interactions.

Taken together, these approaches reveal the dynamics of heterogeneous tumor growth,
and make it possible to compare the relative influence of different types of evolutionarily
selective pressures. For example, we can examine how the growth of a tumor would change
with the elimination of one subpopulation. This greater understanding can contribute to
a better design of evolution-based therapies that avoid, or at least delay, the evolution of
resistance to treatment.

Understanding the Spatio-Temporal Dynamics of the Drug-Sheltering
Effects of Stroma During Treatment in NSCLC

Tatiana Miti1, Bina Desai1, Daria Miroshnychenko1, Anna Miller1, Philipp Altrock2,
Andriy Marusyk1, David Basanta1 [1H. Lee Moffitt Cancer Center and
Research Institute, Tampa Fl, USA; 2Max Planck Institute for Evolutionary Biology, Plon,
Germany]

tatiana.miti@moffitt.org

Advancements in molecular and cellular data analysis have culminated in the development of
highly efficient, low-toxicity targeted therapies. Today, around one-third of Non-Small Cell
Lung Cancer (NSCLC) patients benefit from therapies that target oncogenic signaling of
mutant EGFR, ALK, KRAS and ROS1. However, these targeted therapies are not curative,
as almost all advanced NSCLC eventually acquire resistance and relapse1,2. Recent data
indicates that the tumor microenvironment plays a crucial role in treatment response,
potentially sheltering drug-sensitive tumor cells and sustaining their proliferation3,4,5. To
study the eco-evolutionary dynamics of stroma - proliferating tumor cells interaction, we
have established a spatial analysis-based pipeline and integrated it with a spatial agent-
based model (ABM). We have shown that stroma is a covariate of the proliferating tumor
cells distributions during treatment and extracted the spatial extent and amplitude of the
stroma’s effect during treatment using spatial statistics methods like Radial Distribution
Function, Resource Selection Function, J-function, and others. Results from the spatial
analysis and proliferation/death rates extracted from in vivo experiments were used to
parametrize the ABM and simulate the spatio-temporal dynamics of tumor remission-
relapse dynamics. Our results show that stroma’s sheltering effects are strongest and
extend over several cell diameters 2-3 weeks into the treatment but diminish and get
limited to cells that are either in direct contact with stromal cells or in their immediate
proximity when tumors reach their nadir. During relapse, stroma’s sheltering effect is weak,
while tumor cells gain drug tolerance. We expect our results to lead to novel therapeutic
interventions that aim to shift eco-evolutionary dynamics rather than maximize short-term
tumor cell killing efficiency.
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Black Holes in TIME: the Effect of GRID Radiation on the Tumor-
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Tumor-immune interactions shape a developing tumor and its tumor immune microenvi-
ronment (TIME) resulting in either well infiltrated, immunologically inflamed ‘hot’ tumor
beds, or ‘cold’ immune deserts with low levels of infiltration that are suppressive in nature.
The pre-treatment immune state of the TIME is associated with treatment outcome; im-
munologically hot tumors generally exhibit better responses to radio- and immunotherapy
than cold tumors. However, radiotherapy is known to induce paradoxical immunological
consequences, resulting in either immunostimulatory or inhibitory responses. In fact, it is
thought that the radiation-induced tumoricidal immune response is curtailed by subsequent
applications of radiation. It is thus conceivable that spatially fractionated radiotherapy
(SFRT), administered through GRID blocks to create areas of low or high dose exposure,
may protect the tumor immune microenvironment, thereby preserving anti-tumor im-
mune responses. We use an agent-based model of tumor-immune interaction, calibrated
to experimental data, to investigate the therapeutic utility of SFRT. We evaluate the
immunological consequences of various GRID architectures, radiation doses and dose
scheduling, to identify which GRID architectures result in superior immune infiltration for
each pre-treatment immune state. Additionally, we investigate TIMEs for which SFRT

472



may be better suited, in an immune context, than conventional radiotherapy.

Leveraging Competition to Improve Adaptive Therapy in Metastatic
Prostate Cancer

Renee Brady-Nicholls, Heiko Enderling [Renee.Brady@moffitt.org]
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Research Institute, Tampa, USA

Prostate cancer remains the most prevalent cancer in US men. While continuous first-
line hormone treatment at maximum tolerable dose is the standard of care, continuous
treatment often selects for the resistant phenotype resulting in castration resistant disease.
Second-line hormone therapy options, such as abiraterone acetate (AA), have been proven
effective for metastatic castration resistant prostate cancer (mCRPC). Adaptive AA,
whereby treatment is cycled on and off using patient-specific treatment triggers, has
been shown to be effective at reducing toxicity and prolonging time to progression. It is
hypothesized that cycling through treatment allows sensitive cells to competitively suppress
resistant cells, thereby increasing the amount of time that treatment remains effective. It
has been proposed that there exists a subset of patients for which this competition can
be enhanced through slight modifications to adaptive AA. Here, we investigate this by
calibrating a simple mathematical model to longitudinal prostate-specific antigen (PSA)
data from 16 mCRPC patients undergoing adaptive AA. Model parameters are used to
simulate range-bounded adaptive therapy (RBAT), whereby treatment is modulated to
maintain PSA between pre-determined patient-specific bounds. Model simulations are
compared to adaptive therapy and show that RBAT can extend time to progression, while
reducing the cumulative dose received. This is a promising first step in improving patient
care, particularly in those patients who do not respond well to conventional adaptive
therapy.

Mutation agnostic diagnosis of clonal hematopoiesis using fluctuating
methylation clocks

Ryan Schenck1,2, Niels Asger Jakobsen3, Virginia Turati1, Gabriel Valbuena2, Darryl
Shibata4, Paresh Vyas3, Simon Leedham2, and Alexander RA Anderson1 [ryan-
schenck@univ.ox.ac.uk]
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University of Oxford, UK; 4Keck School of Medicine, University of Southern California,
Los Angeles, USA

Clonal hematopoiesis (CH), such as clonal hematopoiesis of indeterminant potential
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(CHIP), is diagnosed based on somatic genomic alterations in the absence of hematologic
malignancy. Clonal hematopoiesis is driven by the underlying hematopoietic stem cells of
an unknown quantity, with estimates for stem cell numbers differing by orders of magnitude.
Using a mechanistic model of hematopoietic stem cells containing fCpGs we examine
the temporal dynamics of competing founder CH drivers in the hematopoietic stem cell
compartment. At present, CHIP is diagnosed using peripheral blood where the variant
allele frequency (VAF) of putative driver point mutations and small insertions/deletions are
≥ 2%. Generally, the prevalence of CH increases as an individual ages and conveys a risk
for progression to a malignancy. Previously, we developed a method using fluctuating CpG
(fCpG) sites to serve as a fluctuating methylation clock to uncover stem cell dynamics in
glandular tissues and orthogonally validated our method using publicly available datasets
of human blood from normal and malignant cohorts. Here we expand on this work by
presenting 38 new patients with distinct VAF groups from 1 − 2% VAF up to > 10%

VAF for putative drivers with corresponding DNA methylation profiles using the Illumina
EPIC array platform. We identify fCpG from our normal and CHIP cohorts to train and
validate a machine learning method that can diagnose CHIP without DNA sequencing.
This method allows for the identification of patients who may have CH driven by structural
variants such as copy number alterations. We use this method to evaluate two publicly
available methylation datasets of reportedly normal patients (n=1,388) showing that
evidence of CH can be found in 19% and 29% of these datasets. We then evaluate
copy number differences in burden within our CHIP cohort and these newly identified
CHIP cohorts. Using our mechanistic agent-based modeling approach we then provide in
silico validation of our diagnostic classifier and show that the classifier can detect more
aggressive clones earlier than the current diagnostic methods. We then turn our attention
to applying our approach to assess progression to a hematological malignancy.

The impact of normal tissue density on tumor growth and evolution
in a 3D whole-tumor model of lung cancer

Rafael R. Bravo, Mark Robertson-Tessi, Matthew Schabath, Alexander R. A. An-
derson [rafael.bravo@moffitt.org]

Moffitt Cancer Center, USA

We develop a novel modeling paradigm to specifically recapitulate 3D tissue at the
resolution of CT imaging and yet capture single cell information: the population-based
model (PBM). This PBM method allows us to seed a model with individual cells that
operate at the CT scale of cubic millimeters and grow to the scale of 10 cubic centimeters
or more.

We used our PBM to investigate how well-known tumor traits of increased resource
consumption and angiogenesis, maybe differentially selected by a growing tumor in
different densities of normal tissue. We also fit this model to patients from the NLST
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dataset to observe what this fitting may say about heterogeneity across patients.

We found an optimal balance between angiogenesis and resource consumption by the
tumor is needed to maximize invasiveness and tumor bulk, and that this balance changes
depending on where the tumor is initially seeded

As a result of fitting the model to patient data, we see that movement rate and consump-
tion rate parameters are well suited to approximating the growth speed of the tumors,
while the consumption and angiogenic phenotypes better fit the density distribution of
the tumors.

Therapy resistance as an emergent trait of intracellular and popula-
tion level dynamics

Kishore Hari, Ghanendra Singh, Vedant Sharma, Mohit Kumar Jolly [kishore-
hari@iisc.ac.in]

Indian Institute of Science, India

Therapy resistance is an urgent challenge in tackling cancerous diseases. Despite attracting
wide-spread attention from researchers over the last few decades, it remains an un-
solved problem. Many determinants of therapy resistance including but not limited to
origin of resistance (genetic/non-genetic), mechanism of development (induced/pre-
existing), possible responses of resistant cells upon treatment, and population level
interactions within tumor cell types and with micro-environment, remain poorly understood.
These determinants interact among themselves, resulting in complex emergent patterns.
Mathematical modeling techniques help provide rich insights about such complex systems,
map out their limits and narrow down the testable predictions for therapy. Here, we employ
a mathematical model that incorporates multiple mechanisms both at intracellular and
population scales, and investigate emergent behavior observed for various combinatorial
abovementioned factors. We then explore the impact of continuous, intermittent, and
adaptive therapy on tumor population size and the fraction of resistant population and
find that intermittent therapy works as a better treatment strategy overall. Our analysis
provides a platform for robust testing of new therapeutic strategies for reducing tumor
size as well as the fraction of resistant population in the tumor, preventing relapse.
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Patient-specific imaging-based forecasting of prostate cancer growth
during active surveillance
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Active surveillance (AS) is a feasible management option for low to intermediate-risk
prostate cancer (PCa), which represents almost 70% of newly-diagnosed cases. During
AS, patients have their tumor monitored via multiparametric magnetic resonance imaging
(mpMRI), serum prostate-specific antigen (PSA), and biopsies [1]. If any of these data
reveal tumor progression towards an increased clinical risk, the patient is prescribed a
curative treatment. However, clinical decision-making in AS is usually guided by population-
based protocols that do not account for the unique, heterogenous nature of each patient’s
tumor. This limitation complicates the personalization of monitoring plans and the early
detection of tumor progression, which constitute two unresolved problems in AS. To
address these issues, we propose to forecast PCa growth using personalized simulations
of an mpMRI-informed mechanistic model solved over the 3D anatomy of the patient’s
prostate [1,2]. We describe PCa growth via the dynamics of tumor cell density with a
diffusion operator, representing tumor cell mobility, and a logistic reaction term, which
accounts for tumor cell net proliferation [2]. Model calibration and validation rely on
assessing the mismatch between model predictions of the tumor cell density map with
respect to corresponding mpMRI-based estimates [2]. Our preliminary results on a cohort
of seven patients show a median concordance correlation coefficient (CCC) and Dice
score (DSC) of 0.58 and 0.79, respectively, for the spatial fit of tumor cell density during
model calibration using two mpMRI datasets. Then, model validation at the date of a
third mpMRI scan resulted in median CCC and DSC of 0.47 and 0.65, respectively. Thus,
while further improvement and testing in larger cohorts are required, we believe that our
results are promising for the potential use of our methods to personalize AS protocols
and predict tumor progression.
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The growth laws of brain metastases
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Scaling laws (SLs) are simple mathematical models allowing to describe tumor growth.
In this study, SLs were used to characterize the growth dynamics of brain metastases
(BM), the most common intracranial tumor in adults, subject to different treatments. To
characterize the dynamics, a growth factor, the scaling law exponent beta, was used. MR
images of 382 patients (1131 BMs) were collected and 104 BMs satisfied the inclusion
criteria of the study. MR images were semi-automatically segmented to compute volumes
and the exponent beta for each BM.

Untreated BMs showed a sustained accelerated growth rate most likely related to an
underlying evolutionary dynamic even at the short time scale of weeks-months. Relapsing
previously treated BMs grew exponentially, most likely due to the expected strong reduction
of tumor clonal heterogeneity after SRS, what may limit the tumor evolutionary capabilities.
Finally, the growth of BMs which developed radiation necrosis (an adverse event appearing
after irradiation in 5% to 25% of treated patients) was observed to be substantially faster
even than untreated tumor growth. That may help in their differentiation in clinical
settings, which is clinically relevant in the management of BM.

A Quantitative Comparison of Tumor Images to Agent-Based Models
for Parameter Fitting
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Agent-base models (ABMs) of tumors have been used to gain great insight into tumor
behavior, interactions with other cells, and response to therapy [1]. However, these models
are difficult to parameterize using a standard parameter-estimation algorithm. Use of
time-course data, such as tumor volume over time, fails to provide any spatial information
about the system. Conversely, there is currently no method for a quantitative comparison
between tumor images and ABMs. Therefore, we developed a method to compare the
two, reducing their differences to a single, continuous value, which can be used with
any parameter-estimation algorithm. To do this, we process tumor images and ABM
simulations into simplified images, where one color channel represents one cell property
(such as cell type or ligand expression). We then compare these simplified images using
a Siamese Neural Network (SNN) [2], which outputs the similarity between the two as
a single value. Using multiple sample ABMs, we rigorously test the robustness of this
method and how to best train and implement the SNN. We find that the SNN can be
made specific to a parameter set and can detect the differences in the ABM output of
small parameter variations. Lastly, we perform test parameter estimations and find that
this method can easily be integrated into standard parameter-fitting algorithms, using the
SNN directly as an objective function.
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A hybrid cellular automaton model of the bone microenvironment and
its role in promoting drug resistance in multiple myeloma
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Multiple myeloma (MM) is a largely incurable cancer characterized by the expansion of
plasma cells in the bone marrow. MM ultimately becomes resistant to treatment, which
been attributed to both the bone microenvironment and intrinsic drug resistance. In this
study, we integrate cancer biology with computational modeling to gain insight into the
spatiotemporal aspects of myeloma evolution and how treatment impacts the evolutionary
dynamics of the disease.
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To explore these dynamics, we developed a hybrid cellular automaton model that incor-
porates key cellular species that drive normal bone remodeling and, in the context of
cancer, create an environment that provides protection. Using published data as well
as our own to calibrate parameters, we show that our model captures two key features:
normal bone homeostasis, and the myeloma-bone vicious cycle. We then examine how
the bone microenvironment impacts the growth dynamics of MM cells under standard of
care treatments such as bortezomib, an anticancer therapy. Our data demonstrates that
resistant disease cannot develop without myeloma intrinsic mechanisms, however, pro-
tection from the bone microenvironment dramatically increases the likelihood of intrinsic
resistance developing and increases clonal diversity.

This model provides a foundation to explore how ecological and evolutionary dynamics
in the bone ecosystem and MM contribute to drug resistance and tumor growth which
ultimately has the potential to help improve treatment strategies.

Growth dynamics from scRNAseq inform tumor-immune co-strategies

Jakob Rosenbauer [jakob.rosenbauer@ki.se ]

Karolinska Institute, Sweden

The development of theoretical models of tumor growth is an important step in advancing
our conceptualization and mechanistic understanding of cancer development. Recent
developments in imaging, sequencing and gene editing have shed a light on a large variety
of previously unknown mechanisms. The impact of the tumor microenvironment (TME),
especially the immune system has been found to play a pivotal role in tumor emergence and
progression. Those findings have led to the development of treatment options, including
new immunotherapies that show a large potential in cancer treatment.

However, the highly adaptive and dynamic interplay of cancer and immune cells remains
only partly understood. Current immunotherapies only show a response in a fraction of
patients. Therefore, there is a need to develop theoretical and computational models
that allow the quantitative description of the interaction of the tumor and the immune
system. To develop and verify such models, detailed time-course data on tumor initiation
and maturation of the TME would be ideal ground truth. Unfortunately, such data are
impossible to obtain for clinical data and very elaborate in animal models. Clinical data is
a precious resource of information and is obtained for all human tumor types across a
wide variety of progression states. Single-cell RNA sequencing (scRNAseq) is a popular
emerging method and an ever-growing dataset of clinical and in-vivo tumor samples is
freely available. Extracting the momentary dynamics of those samples can bring us one
step closer to understanding tumor growth dynamics and the interactions with immune
cells since it quantifies the tumor progression.
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Here, we developed a technique to extract the fraction of dying and dividing cells from
scRNAseq data. Those values enable us to estimate the growth dynamics of the tumor,
beyond the classical clinical measures (%KI67+ and immune hot/cold). We propose our
newly introduced classifiers as an ordering parameter to find tumor-immune co-strategies.
Slow tumor growth can be explained by slowly dividing cancer cells, but also by very
quickly dividing cancer cells with equally elevated cell death. Discerning the different
scenarios gives insights into the interplay of immune-driven cytotoxicity and immune
evasion of tumor cells. Large-scale scRNAseq datasets of clinical tumor samples across a
wide variety of tumors are available and we perform a metaanalysis across cancer types to
determine cancer-immune strategies. We are able to correlate gene expression programs
with cell death and division rates across cancer types. Together with high-resolution spatial
transcriptomics techniques, this allows the spatiotemporal ordering of tumor-immune
interactions.

Evolutionary Dynamics of Oligodendrogliomas
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The development and progression of cancer is an evolutionary process. Deep genome
sequencing data now allow us to time the origin and study the progression of individual
tumors. We developed a model based on the birth-death process to infer tumor evolution
from whole-genome sequencing data and applied it to six samples of an adult brain tumor,
grade II oligodendrogliomas. Specifically, we used statistical and population-genetic
approaches to infer the clonal evolution of primary tumors. We found that the tumors
originated in early childhood and thereafter evolved slowly. Within the primary tumor, we
found selected subclones in all samples with widely different selective advantages. In weakly
selected subclones, we did not detect known tumor drivers whereas subclones harboring
an activating mutation in the TERT promoter were strongly selected. These findings
suggest that mutations in the TERT promoter may be acquired during oligodendroglioma
evolution and confer a large selective advantage by which they eventually reach fixation
in the majority of cases. Thus, TERT promoter mutations may be a key determinant of
the aggressiveness of the disease.

Analysing cell-cell interaction dynamics in the TME using a data-
driven spatial model

Gemma van der Voort, Kevin Thurley [gemma.van_der_voort@ukbonn.de]

480



Institut für Experimentelle Onkologie, Universitätsklinikum Bonn, Germany

The tumour microenvironment (TME) is a complex biological niche populated by tumour
cells, stromal cells and immune cells. A better quantitative understanding and characteri-
sation of this environment and its heterogeneity between patients is of vital importance
in developing effective treatment strategies. The fates of different T cell populations
within the TME play a major role in cancer progression. For improved insight into these
populations, we need to analyse cell-cell interaction dynamics in the TME, focussing on
both CD4+ and CD8+ T cells in different stages of differentiation.

To address this, we are developing a quantitative, data-driven spatial model of these cells
within the TME. In order to establish a model with predictions of clinical relevance, a
data-driven approach is key. Our approach has two main pillars. In the first, we established
a mechanistic, qualitative model of T cell differentiation in the TME context. In the
second, we developed an analysis pipeline for Co-detection by indexing (CODEX) imaging
data. CODEX is a multiplexed imaging modality able to resolve up to 60 markers in
situ, revealing highly detailed single-cell spatial relationships. We will leverage this spatial
information to quantitatively characterise the spatial model of T cells in the TME.

Mathematical Physiology

Modeling critical conditions for re-entry loops in healthy and diseased
cardiac tissues

Martijn de Jong1, Rolf Slaats2, Robert Passier2, Roeland Merks1 [m.a.de.jong@math.leidenuniv.nl]
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Arrhythmias can be harmful to the functioning of the heart. One cause for arrhythmias
that has been studied extensively by in silico models, is the process of re-entry [1,2,3].
With re-entry, an internal feedback loop in the heart can block the signal from the sinoatrial
node, causing rapid fibrillation. Thus far, this phenomenon has mainly been studied in
large cardiac tissues. However, malfunctions near the sinoatrial node can also cause
re-entry. Such sinoatrial node-derived re-entry has been observed in vivo [4,5], but a
quantitative in silico study has not been performed yet. We propose a joint in vitro-in
silico approach to study critical conditions for the emergence of re-entry.

We study re-entry quantitatively in monolayers of human induced pluripotent stem cell-
derived cardiomyocytes (hPSC-CMs). Using customizable PDMS shapes, we force the
cells to organize in a specific conformation, which allows us to study the effect of geometry
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on signal propagation. The hPSC-CMs can be paced electrically or via blue light pulses
when working with a channelrhodopsin transgenic line to regulate contraction frequency.
The in silico model is designed to match the in vitro model. We implemented the Cellular
Potts model using an efficient edge-list algorithm and ran the PDEs on graphical processing
units (GPU) using adaptive-step-size algorithms and an implicit diffusion scheme, allowing
us to study large tissues on long timescales. Thanks to this efficient implementation, we
could compare our in vitro and in silico models directly.

By comparing our models, we investigate critical conditions for re-entry for healthy
cardiomyocytes in terms of the tissue shape and beating frequency. Furthermore, the
mathematical model allows us to study ion channel current blockers. We investigate the
conditions for re-entry under influence of these current blockers as well.
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A theoretical model on the algebraic relaxation of photo-induced
chemiluminescence from human skin
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Cellular responses to environmental stress factors, such as ultraviolet (UV) irradiation,
may result in low-intensity chemiluminescence [1]. For human tissues, UV-induced pho-
ton emission in the visual spectral range is especially well studied for the skin. This
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ultra-weak delayed luminescence is characterised by its non-exponential relaxation in the
time domain [2]. The molecular basis of this decay mechanism has long been attributed
to the intracellular oxidative stress [1]. Nevertheless, no mathematical modelling has
provided successful formalism that results in a non-exponential decay function, except for
a few physical models which rely on excessively hypothetical premises, including a single
cell-scale quantum coherence [3] and correlated many-soliton states in cytoskeletons
[4]. In this presentation, we develop an analytical model that is completely based on
conventional biochemical descriptions, to derive a simple algebraic relaxation function.
Nonlinear ordinary differential equations are used to formulate the population dynamics
of reactive oxygen species, which are electronically excited by UV radiation, followed
by a temporal decay process under semi-steady state conditions. We show that both
exponential and algebraic relaxation functions can be derived from the model, depending
on the approximation methods, reflecting two different cell physiological states.
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The questions if and how electrical signals propagate along heart tissue are key to decide
if the organ is able to sustain a healthy beat or not. To understand better what factors
could either help or disrupt this propagation we study a polynomial version of the Karma
model, specifically developed to fit cardiomyocyte’s behaviour well while maintaining the
advantages of a low-dimensional model similar to FitzHugh-Nagumo. On the real line we
analytically derive a stable travelling pulse using phase plane analysis and geometric singular
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perturbation theory[1]. Furthermore, in order to compare the mathematical results to
experimental data we extend the problem to a more realistic 2-dimensional domain. With
our work now we aim to prove when and how we can approximate the problem of signal
propagation on a thin tissue by a 1-dimensional pulse. For that we use the method of
matched asymptotics to approximate the solution. However, the system has now 2 small
parameters corresponding to the time scale separation and the aspect ratio of the domain.
Depending on how they interact with the problem as well as each other, the asymptotic
approximation differs. Therefore, we do not find one unique expansion but instead a
family of separate asymptotic regimes, each with a corresponding approximation. Finally,
using direct numerical simulations we compare and connect different initial conditions to
the asymptotic regimes found in the analysis in the hope to understand how this family of
approximations comes together to represent the full system.
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Introduction Insufficient production of saliva, or hyposalivation, could lead to severe oral
consequences such as mouth infection, difficulty in swallowing and loss of teeth. The
study of the salivary gland may positively impact the life quality of hyposalivation patients.
At the cellular level, the salivary gland consists of acini and ducts. The acinus secretes
the primary saliva, a fluid with a high NaCl concentration. The duct converts primary
saliva to final saliva by extracting much of the NaCl, thus making final saliva less salty.

Methods We develop a mathematical model for the salivary gland duct to understand
the saliva modification mechanisms. Our model utilizes the realistic 3D structure of the
duct reconstructed from an image stack of gland tissue. We model two duct sections:
intercalated and striated duct, each with its own cell type. Immunostaining results for
each type of duct cell are obtained to support modelling.

Results Our duct model replicates the conversion from primary to final saliva, as observed
in salivary gland experiments. It also demonstrates realistic biological features such as duct
cell volume, cellular concentrations and membrane potentials. Immunostaining results
show that intercalated duct cells express TMEM16A, aquaporin but not ENaC. Based on
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this, the model predicts that the intercalated duct does not absorb Na+ and Cl- like the
striated duct but secretes a small amount of water.

Conclusion We implement an anatomically accurate 3D salivary gland duct model and
validate its function with experimental results. The model demonstrates that the interca-
lated duct is water-secretory. Lastly, we simplify the model by omitting all 3D structural
details of the duct, which makes little difference to the final saliva output. This shows
that saliva production is not sensitive to structural variation of the duct.

Data-driven modelling of Ca2+ puffs

Molly Hawker, Ivo Siekmann [M.A.Hawker@2021.ljmu.ac.uk]
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The calcium (Ca2+) signalling system is vital for cellular function, playing an important
role in the contraction of the heart muscle and controlling gene transcription. However, it
is not infallible. An abnormal Ca2+ signalling system has been linked to congestive heart
failure and neurodegenerative diseases. Therefore, it is important to understand the Ca2+

signalling system.

Inositol triphosphate receptors (IP3R) are intracellular Ca2+ channels whose pore stochas-
tically opens and closes, regulating the flow of ions across the cell membrane. When IP3

binds to an activating site of an open IP3R, Ca2+ is released from intracellular stores,
such as the endoplasmic reticulum. The Ca2+ release increases the cytoplasmic Ca2+

and the open probability of the IP3R, further releasing Ca2+.

Within cells, IP3R are arranged in clusters of approximately 10 channels. When a single
IP3R releases Ca2+ there is a certain probability that it will trigger a response from
neighbouring channels. The Ca2+ released from a cluster of IP3R, known as a Ca2+ puff,
generates a signal that spreads across the whole cell. However, the IP3R have a delayed
response to changes in the Ca2+ concentration, known as activation and deactivation
latency [1].

We propose a model that consists of data-driven Markov models that account for the
IP3R dynamics based on one of the largest single-channel datasets currently available [2].
Our model consists of 10 stochastic ion channels coupled with deterministic Ca2+ fluxes,
such as re-uptake of Ca2+ via the SERCA pump. We introduce a delay into our model to
account for the activation and deactivation latency.

A model that consists of a deterministic ordinary differential equation coupled with
Markov models is called a hybrid stochastic system [3]. When used to model the Ca2+

signalling system, the Ca2+ fluxes are modelled using ordinary differential equations
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and the stochastic behaviour of IP3R is modelled by Markov models. To simulate the
stochastic behaviour of a system Gillespie’s algorithm can be used [4]. However, this
algorithm assumes the rates of the Markov model are constant. Due to Markov models
simulating the stochastic behaviour of IP3Rs including rates that are not constant, a
hybrid Gillespie algorithm is used [5],[6].

Our model has the advantage of being simplistic in comparison with fully spatial models
and has the potential to be analysed using deterministic partial differential equations which
will provide systematic insights.
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Towards a new mathematical model of the visual cycle

Luca Alasio [Laboratoire Jacques-Louis Lions, Sorbonne Université, France]

luca.alasio@sorbonne-universite.fr

The visual cycle allows photoreceptors in the retina to convert light into electrical signals
and subsequently to return to the dark state. George Wald obtained the Nobel Prize in
1967 for his pioneering studies on this process and it has been an active field of research
in Ophthalmology and Biochemistry ever since. I will discuss the key aspects of the visual
cycle in photoreceptor cells and present a new mathematical model involving ODE and
PDE systems for such process in rod cells. The goal is to give a quantitative description
of the kinetics of the main photo-sensitive molecules after exposure to light. I will present
analytical and numerical results and explain how the model can be extended in order to
account for the accumulation of toxic byproducts (e.g. A2E and lipofuscin) in the eye in
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connection with degenerative retinal diseases. This project has received funding under the
MSC grant agreement 945298-ParisRegionFP, in collaboration with Prof. B. Perthame.

Energy based modelling of bacterial systems

Joshua Forrest [University of Melbourne, Australia]

jeforrest@student.unimelb.edu.au

An emerging challenge in systems biology is the study of larger and more complex
systems, including whole cells. Creating such models from smaller components requires a
mathematically and physically consistent modelling framework.

Physics-based models which conserve energy and mass are one solution to this challenge.
Bond graphs are a physics-based framework that describe the rate of energy flow through a
biophysical system. By construction, bond graphs enforce thermodynamic constraints, and
form the basis for realistic models. For larger models, bond graphs provide a hierarchical
structure and a manageable graph representation.

To demonstrate bond graph modelling in systems biology, we apply this framework to a
few representative examples that highlight: (i) aspects of bacterial physiology; and (ii)
advantages of the bond graph methodology in systems biology. For example, in bacterial
signalling (two component systems), we identify trade-offs between energy consumption
and performance. In bacterial protein degradation – known to be sensitive to energy
availability – bond graphs allow us to quantify the dynamics that drive this important
process. This formalism can be extended to model and integrate hybrid systems e.g.
electrophysiological and cell-mechanical processes. We demonstrate how large systems
can be constructed using the modelling package BondGraphs.jl, and how this approach
leads to modular and reusable mathematical models. In future, bond graph modelling
forms a starting point for building biophysically realistic whole-cell models.

Bacterial Quorum Sensing in Swarms: Social Interactions and Emer-
gent Patterning

Ridgway, W.1, Chapman., S.1, Dalwadi, M.2, Pearce, P.2 [ridgway@maths.ox.ac.uk]

1University of Oxford, UK; 2University College London, UK

Bacteria exhibit complex social behaviour that can affect their motility, such as chemotaxis,
quorum sensing, and swarming. The social aspect of bacterial motility often leads to
complex spatio-temporal patterns, which has been of significant interest in the recent
literature. However, it is not well-understood how these emergent patterns are determined
by the social interactions between cells.
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We present a chemically-structured model of motile bacteria in which the cellular motility
is regulated by intercellular chemical signalling. The chemical structure consists of a
cell-level genetic circuit, representing a minimal model of quorum sensing. By introducing
a suitable regularization of our model, we use asymptotic analysis to derive a criterion
for the linear instability of the uniform-density state, which leads to patterning of the
domain. This criterion depends on the details of the cell-level kinetics and thus provides a
link between the emergent macroscopic pattern and the cell-level genetic circuitry. We
further motivate our model as a generic framework for studying chemical signalling in
motile micro-organisms.

Multiscale modelling of intercellular signalling processes

Sofie Verhees [s.b.verhees@sms.ed.ac.uk]

Maxwell Institute Graduate School - University of Edinburgh & Heriot-Watt University,
UK

Communication and interactions between cells happen mostly through intercellular sig-
nalling processes. These signalling pathways are important in all physiological activities of
the cell, such as cell division, cell movement, immune response, and tissue development.
As the coupling of cellular and tissue level processes is necessary for these activities,
modelling the cell signalling processes requires different spatial scales, e.g. [1]. To model
the cell signalling processes, reaction-diffusion equations have been derived [2,3]. These
models include the diffusion of signalling molecules and membrane receptors, reactions
between the molecules and receptors, and mechanical properties of the cell. This research
adapts the system of PDEs and its boundary conditions to a specific example of signalling
pathways. Next, several mathematical tools are used to analyse the model. After studying
the well-posedness of the nonlinear multiscale problem, homogenisation techniques are
used to derive two-scale models for the tissue level and cell level scale. Finally, the
two-scale models are analysed and a numerical solution is approximated.
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Modeling adipose cell distribution using Lifshitz-Slyozov and Becker-
Döring equations
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Adipose cells or adipocytes are the specialised cells composing the adipose tissue in a
variety of species. Their role is the storage of energy in the form of a lipid droplet
inside their membrane. Based on the amount of lipid they contain, one can consider the
distribution of adipocyte per amount of lipid and observe a peculiar feature : the resulting
distribution is bimodal, thus having two local maxima. The aim of this talk is to introduce
a model built from the work in [1] that is able to reproduce this bimodal feature.

Considering that cells are spheres and that our system is closed (no loss of lipids) the
following set of equation can be derived :

{
∂t f (t, x) + ∂x(V (x, u(t))f (t, x)) = 0, (t, x) ∈ R2

+

u(t) +
∫

R+
xf (t, x)dx = ρ, t ∈ R+

Where f : (t, x) ∈ R2
+ → R+ is the distribution of adipocyte per amount of lipid x and

u : t ∈ R+ → R+ is the amount of lipids available in the medium. The transport speed
V (x, u) takes the form a(x)M(u)− b(x), where a is the lipid inflow rate and b the lipid
outflow rate. The function M represents the dependency of the inflow rate to the outside
resource, i.e. the lipids in the medium. The value ρ is the total amount of lipids in the
system and is assumed to be constant in time.

This coupling of a transport equation and a non-local conservation equation of this form
is related to the Lifshitz-Slyozov model introduced in [2]. We will introduce a related set
of equations for the adipose cells : the Becker-Döring equations [3] and prove the classical
result of convergence from one to another. We will also present some extensions to the
model using a transport-diffusion equation arising from the previous convergence result
and a rewriting of the model using stochastic processes. In both cases, we shall describe
stationary solutions. Finally, we will present some numerical results using a standard finite
volume scheme introduced in [4] for the transport and transport-diffusion models.
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Modeling the effect of flow heterogeneity on oxygen uptake and uti-
lization

Tuhin K. Roy1, Timothy W. Secomb2 [roy.tk@mayo.edu]

1Mayo Clinic, USA; 2University of Arizona, USA

Heterogeneity in capillary blood flow can adversely affect oxygen transport, resulting in
impaired oxygen uptake in the lung and oxygen utilization in the systemic circulation. Both
the pulmonary and systemic circulations are able to tolerate a significant degree of flow
heterogeneity at rest under normal conditions, but during conditions of physiologic stress
such as exercise, oxygen transport becomes increasingly dependent on ventilation-perfusion
matching in the lung and metabolism-perfusion matching in the systemic circulation. This
is even more true under pathophysiological or hypoxic conditions. Mathematical modeling
is used to investigate the effect of flow heterogeneity, as characterized by the coefficient
of variation (CV) of capillary blood flow, on pulmonary oxygen uptake and systemic oxygen
delivery. The model explores the relationship between the heterogeneity in input variables
(in this case, flow) and the resultant heterogeneity in variables of interest (in this case,
oxygen transport). Our simulations reveal that high levels of heterogeneity are incompatible
with the levels of oxygen uptake and delivery observed during exercise, in part due to
the decreased transit time on some flow pathways through the pulmonary and systemic
circulations. Local flow regulation mechanisms such as hypoxic pulmonary vasoconstriction
modulate ventilation-perfusion matching in the lung, and systemic flow regulation actively
modulates metabolism-perfusion matching during exercise. Under normal conditions,
these control mechanisms serve to mitigate the structural and functional heterogeneities
inherent in the microvasculature with the net effect of reducing the heterogeneity of
oxygen transport parameters. Impairment of these mechanisms can result in tissue hypoxia
and organ failure, and may serve as a therapeutic target in the treatment of critically ill
patients.
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Mathematical Modeling of Human Erythropoiesis Considering Neo-
cytolysis
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Erythropoiesis, the process of red blood cell production, is a tightly regulated differentiation
and proliferation process. The main regulator of erythropoiesis is the hormone EPO which
is produced principally by the kidneys in adult humans. We propose a mathematical model
consisting of two delay differential equations that reflects the control which operates
between the concentration of the hormone EPO and the number of mature erythrocytes
in circulation. We include the main effect of EPO on erythropoiesis which promotes the
production of erythrocytes by preventing the apoptosis of its precursor cells. We also
include the effect of the reduction of EPO on neocytolysis which is the destruction of
relatively young erythrocytes "neocytes". Neocytolysis has been shown experimentally to
happen when fast recovery of red blood cell numbers is needed, such as after the descent
from high altitudes and space missions. In this study, we assume sufficient iron in the
body at all time in which case we can neglect iron metabolism in the model.

In this talk, we discuss the mathematical models we propose to capture the main phys-
iological features of erythropoiesis, with and without neocytolysis. We present related
results including the non-negativity of solutions of the models equations, the existence
of a unique steady-state solution, and the stability analysis of this steady state. For the
stability, we find a condition on the other parameters in the system under which the
steady state is locally asymptotically stable for arbitrary large delays. When this parameter
condition is violated we show that the steady state is stable for small delays and loses its
stability through a Hopf bifurcation. We also use numerical simulations of the model to
discuss the effect of neocytolysis on the recovery of red blood cell numbers for different
scenarios.

Modelling bone regeneration in craniofacial bone defects in 3D

Laura Lafuente-Gracia1,2, Mojtaba Barzegari1, Liesbet Geris1,2,3 [laura.lafuentegracia@kuleuven.be]

1Biomechanics section, Department of Mechanical engineering, KU Leuven, Belgium;
2Prometheus: Division of Skeletal Tissue Engineering, KU Leuven, Belgium; 3Biomechanics
research unit, GIGA in silico medicine, University of Liège, Belgium

Introduction
Bone regeneration is a well-coordinated process involving the action and interaction of
cells, regulated by a myriad of biochemical and mechanical factors. After bone defect
formation, successful healing is usually achieved within weeks. However, defect severity,
anatomical location and host factors can result in delayed healing or non-healing. Following
an existing bioregulatory 2D model of bone regeneration [1] implemented in MATLAB,
we developed a 3D model using FreeFEM [2] to investigate the bone regeneration in
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craniofacial bone defects. Additionally, we study the influence of a scaffold produced
using melt electrowriting (MEW) and coated (or not) with cells or growth factors (GF)
as treatment strategy.

Methods
Our model captures biological processes across different time and space scales, simulating
osteogenesis and sprouting angiogenesis. At tissue and cellular level, a system of ten taxis-
diffusion-reaction partial differential equations (PDE), derived following the compartmental
model approach, describes the spatiotemporal evolution of biochemical factors, cells and
extracellular matrices. Suitable initial and boundary conditions complement the PDEs
to ensure existence, uniqueness and non-negativity of the solution. The PDE system
was implemented in its variational formulation, following the Petrov-Galerkin method,
and was solved implicitly using the finite element (FE) method for spatial terms and the
backward-Euler’s finite difference method for temporal terms. The Newton-Raphson’s
method was used to find the numerical solution of the non-linear PDEs. At (intra)cellular
level, angiogenesis was represented with discrete endothelial cells of stochastic behavior,
following a cellular automaton approach. Each cell is regulated individually by one ordinary
differential equation describing its intracellular module.

We used our 3D model to investigate two different craniofacial defects: calvarial and
mandibular. The corresponding geometrical domains represent 10 mm diameter rabbit
defects and were generated as FE meshes using SALOME. The healing progress was
investigated with and without the application of the MEW scaffold. For the calvarial defect,
we considered only intramembranous ossification and migration of skeletal progenitor
cells (SPCs) from all domain surfaces (top, bottom and lateral) due to the presence
of the periosteum and the dura mater. For the mandibular defect, we considered both
intramembranous and endochondral ossification, and SPCs migration only from the lateral
surface. The MEW scaffold was incorporated with the addition of initial or boundary
conditions representing different burst-release profiles of cells and/or GF from the scaffold
into the bone defect. Model calibration and validation is being carried out by comparison
with experimental results from the literature and dedicated experiments respectively.

Results and discussion
The 3D model provided predictions of the healing progress and its corresponding biological
processes. The pattern of SPCs migration showed significant differences between the
calvarial defect and the mandibular defect. Moreover, the additional source of cells and/or
GF provided by the MEW scaffold contributed significantly to the healing process.

Acknowledgements: Interreg North-West Europe (BONE, NWE497) and ERC (772418).
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Optimal information processing and motor control of run-and-tumble
chemotaxis under stochastic fluctuation
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1Department of Mathematical Informatics, Graduate School of Information Science
and Technology, The University of Tokyo, Japan; 2Institute of Industrial Science, The
University of Tokyo, Japan; 3Universal Biology Institute, The University of Tokyo, Japan

How does a cell process information and adapt to the environment despite stochastic
fluctuation? The signaling pathway of run-and-tumble chemotaxis in Escherichia coli has
been extensively studied to answer this question. Experimental studies have revealed the
pathway’s molecular components and response properties, and theoretical studies have
developed a biochemical model that quantitatively reproduces the properties. However, it
has remained unclear whether the observed signaling pathway of E. coli is the best possible
way to perform chemotaxis under stochastic fluctuation in sensing and control. To address
this problem, we need a theory that handles the optimality of the sensory-motor cycle,
including the nonlinear response properties, in the presence of sensory noise.

Here, we develop such a theory by combining the optimal filtering and stochastic control
theory [1,2]. We derive the optimal strategy of controlling stochastic run-and-tumble
motion depending on the noisy signal of a ligand concentration gradient. The optimal
strategy combines filtering dynamics that extract temporal concentration change from
noisy signal and a control function that convert the information into a stochastic run-
and-tumble decision. By changing the variable of the filtering dynamics, we find that the
optimal strategy corresponds to the biochemical model of the E. coli chemotactic pathway
[3], indicating that E. coli acquires the desirable dynamics in the presence of fluctuation.
Moreover, we demonstrate that the optimal strategy reproduces the experimental data of
the nonlinear response property of the E. coli biochemical pathway [4], of which functional
role has not been fully clarified. This theory can be a basis for understanding cellular
information processing and motor control that suffers from stochastic fluctuation.
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Microbiota and bacterial metabolic networks graph properties

H.A Soula, O. Scibior, N. Sokolovska [hedi.soula@sorbonne-universite.fr]

Sorbonne University, Paris, France

All living organisms rely on chemical reactions to exist, and the set of these life-sustaining
chemical transformations is defined as metabolism. Because these reactions are mostly
catalysed—accelerated—by enzymes, the transformation of organic molecules (substrates)
into other chemicals (products) can directly be mapped by the enzyme set.

Therefore, metabolic networks reflect the relationships between metabolites (biomolecules)
and the enzymes (proteins), and are of particular interest since they describe all chemical
reactions of an organism. For bacterial species, metabolic networks can be derived from
genome sequences either individually or in group within the gut and can be used to study
environmental characteristics and phenotypes.

In this work, we rebuild the metabolic networks for more than 5k bacterial species and
derived a number of graphs properties that relates to reaction network dynamics. We
extracted correlation with the living environment: optimal growth temperature, habitat,
oxygen use. . . and show how the adequation of the structure of the network with its
environment is at work. Moreover, we focused on several mathematical properties such
as Laplacian spectrum and deficiency.

We extend this work to human gut microbiota and shotgun – genome-wide analysis – and
correlate with human phenotypes.
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Mathematical model of adipose tissue dynamics : parameter estima-
tion and sensitivity analysis
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The adipocytes are the specialized cells of adipose tissue that store energy in form of
lipids. During excess energy, the adipocytes have the ability to grow in volume. The
adipocyte size distribution among a tissue is bimodal and this specific dynamic is still not
well understood. There is no scientific consensus on the functional importance of this
bimodality. It is not even known if there is any phenotypic difference (apart from the
size) between the two population of cells. However, cell size has been associated with
metabolic properties dysfunction that may be associated to obesity-related pathologies.

To provide new insights on this issue, a non-linear integro-differential transport equation
system has been proposed in [1] to describe the bimodal distribution of adipocytes. Here,
we propose to add a diffusion term D in order to represent size fluctuations. It leads to
the following partial differential equation :

∂tu(t, r) + ∂r (τ(r, T (t))u(t, r)−D∂ru(t, r)) = 0

where T is the extracellular amount of lipids defined by

T (t) = Tg0−
∫ rmax

rmin

V (r)− Vmin
Vl

u(t, r)
4πr2

Vl
dr

and
τ(r, T (t)) = l ipogenesis − l ipolysis

The first part of τ is related to T whereas the lipolysis part depends on the cell volume

V (r) =
4

3
πr3.

To explore the impact of the parameters on the cell dynamic, a parameter estimation is
performed using the Nelder-Mead algorithm [2]. Our model is calibrated on experimental
data coming from different adipocyte tissues in pathological conditions. Then, we use the
Morris method to analyze the parameters sensitivity [3]. The results on the cell variability
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will be presented.
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Passive conductance of biopotentials on physical level
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ECG signal is an exception among all other biopotentials. It is the only signal, which is
coherent enough, that it can be measured between virtually any two points of the body.
However this flexibility comes at a price: the measured signal represents a combination of
the state of the source and the state of the passive conductance layer, which surrounds
the source. Various physical mechanisms of polarization of this layer alter the signal in its
passage between the source and remote observation point. In order to properly describe
these processes, it is important to build relevant model.

The most important building block of this model is an elementary submodel of a single
isolated domain containing an electrolyte. In such domain, under imposed conditions
of external polarizing charge or field, thermodynamical equilibrium is reached. Here we
present: the original basic theory derived from Maxwell’s equations, the results of numerical
simulation study and the results of a literature review on available experimental data.
We discuss the impact of our results to development of new measurement techniques of
biopotentials in clinical sciences.

Our results allow to integrate the theory of bioimpedance with the theory of biopotential
measurement. This brings an improved interpretation of various biopotential measurements.
Better understanding of underlying physical phenomena may lead to development of
new methods of measurements of biological signals and introduction of new diagnostic
parameters.

We also look for partners, who could help us apply the Smoluchowski-Poisson-Boltzmann
theory to obtain better prediction accuracy.
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S. Bekisz1, M. Gautier2, T. Mead3.4, K. Bentley3.4.5, A. Noël2, L. Geris1,6 [so-
phie.bekisz@uliege.be]

1Biomechanics Research Unit, GIGA In Silico Medicine, ULiège, Belgium; 2Laboratory of
Biology of Tumor and Development, GIGA Cancer, ULiège, Belgium; 3Cellular Adaptive
Behaviour Lab, Francis Crick Institute, UK; 4Department of Informatics, King’s College
London, UK; 5Center for Vascular Biology Research, Beth Israel Deaconess Medical
Center, Department of Pathology, Harvard Medical School, USA; 6Skeletal Biology and
Engineering Research Center, KU Leuven, Belgium

(Lymph-) Angiogenesis is the formation of new lymphatic/blood vessels by lymph/blood
endothelial cells (LECs, BECs) sprouting from pre-existing vessels. Angiogenic sprouts
consist of highly motile leading tip cells and a heterogeneous mix of more active and
inactive following stalk cells. This heterogeneity of tip and stalk cell motility is governed by
a lateral inhibition mediated by the Dll4-Notch pathway. However, much remains unclear
on the role of this central tip and stalk cell selection pathway during lymphangiogenic
sprouting [1]. This study first experimentally investigates the presence and activation
of the Dll4-Notch pathway in lymphatics, as well as the possible conservation of the
Dll4-Notch regulation of endothelial motile states in lymphatic vessels. Second, we explore,
using both in vitro and in silico models [3,4], whether a modulator of hyperbranched
lymphangiogenesis and VEGFR-2/-3 hetero/homodimer formation [2] – uPARAP - is
Notch regulated and thus heterogeneously expressed in more motile LECs.

On the biological side, the presence and activation of the Dll4-Notch pathway in LECs
were demonstrated through analysis of previously generated single-cell RNA data (Takeda
A. et al., Immunity, 2019) (courtesy of Marine Gautier). Western Blots of proteins
from LECs cultured in different conditions (Figure 1B) showed that changes in LEC
protein expression levels were similar as previously reported results in blood endothelial
cells (BECs). Increased Dll4 and decreased VEGFR-2 and -3 levels were found after
VEGF-C stimulation. Both receptors levels seemed to be increased by DAPT, a Notch
inhibitor. Dll4 coating logically activated Notch pathway and surprisingly increased
uPARAP level. The possible conservation of the Dll4-Notch regulation of endothelial
motile states in lymphatics was investigated through spheroids. Spheroids treated with
VEGF-C or DAPT both displayed migration and sprouts. Combination of VEGF-C and
DAPT appeared to lead to spheroids with larger (wider, not especially longer). uPARAP
silencing, through transfection with siRNAs targeting uPARAP, seemed to counteract the
effect of DAPT on LEC spheroids, highlighting a potential but unexpected role of uPARAP
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in the ability of LECs to be motile, and therefore maybe in the Dll4-Notch pathway. On
the computational side, a well-established computer model of Notch tip selection is being
adapted to lymphangiogenesis [3,4], by including lymphatic-specific players (e.g. VEGF-C,
VEGFR-2, VEGFR-3, uPARAP) and integrating ODEs of lymphatic receptor trafficking.
This adapted in silico framework will be used to explore whether/how uPARAP is Notch
regulated and thus heterogeneously expressed in more motile LECs. More precisely, it will
help to understand how uPARAP silencing, proven to induce hyper-branched sprouts [2],
leads to a reduction of cell sprouting in the presence of DAPT. Several potential links
between uPARAP, Dll4 and Notch, including feedback loops, can be easily implemented
in the adapted agent-based computational model, which then can be used to investigate
the best possible therapeutic scenarios.

In addition to learning more about the understudied implication of the Dll4-Notch pathway
in lymphatics, this interdisciplinary project using an experimentally-informed in silico
approach could potentially link this pathway with uPARAP, helping to understand how
this player is involved in LEC sprouting.

References
[1] Zheng W. et al., Blood, 2011. 10.1182/blood2010-11-317800
[2] Durré T. et al., Nat. Commun., 2018. 10.1038/s41467-018-07514-1
[3] Bentley K. et al., Phil. Trans. R. Soc. B. 2017. 10.1098/rstb.2015.0522.
[4] Benltey K. et al., Plos Comput. Biol., 2009. 10.1371/journal.pcbi.1000549

Modeling hematopoietic stress during blood cancer treatment
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Acute myeloid leukemia (AML) belongs to the most aggressive blood cancers. A main
symptom is the impairment of healthy blood cell formation (hematopoiesis). Usually AML
is treated by high dose chemotherapy, which exerts further stress on the hematopoietic
system. For this reason many patients suffer from a severe shortage of mature blood cells
that triggers life-threatening complications, such as bleeding or infection. Hematopoiesis is
a complicated and tightly regulated process. It is driven by hematopoietic stem cells (HSC),
which give rise to so-called progenitors or precursors that finally differentiate into mature
blood cells. Similarly, the production of malignant cells is driven by leukemic stem cells
(LSC). A key regulator of HSC is the stem cell niche, a specific micro-environment which
HSC require to maintain the stem cell phenotype. The precise mechanisms governing
the eradication of malignant cells by chemotherapy and the regeneration of healthy blood
cells after chemotherapy are not well understood. We propose a mathematical model of
the hematopoietic stem cell niche in AML patients. The model accounts for competition
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of HSC and LSC in the stem cell niche and for physiological feedback regulations. Stem
cell dynamics are coupled to the time evolution of progenitor, precursor and mature
cell counts. Using model simulations and patient data we study how sensitively the
different cell types (healthy and malignant stem, progenitor and precursor cells) respond
to chemotherapy and how the niche may be impaired by AML cells and treatment effects.
We will discuss potential reasons for the high inter-patient variability of healthy cell
dynamics after therapy and present mechanisms which could be responsible for delayed
recovery. Our model suggests that the hematopoietic stress after chemotherapy might
trigger additional proliferative signals which act inside the stem cell niche and which are
required for successful therapy response. The impairment of the stem cell niche at the
time of AML diagnosis seems to be an important determinant of treatment success.

This talk is based on joint work with Thomas Stiehl, Institute for Computational
Biomedicine, RWTH Aachen University and RWTH Aachen University Hospital.

Mathematical modelling of polycythemia vera

Morten Andersen [moan@ruc.dk]

Roskilde University, Denmark

Blood production is a tightly regulated process, and disturbances can pose a severe risk
to human health. Polycythemia vera (PV) is an example of a slowly developing blood
cancer characterized by excessive production of erythrocytes and the presence of the
JAK2V617F mutation. A 5D PV model with competing healthy and malignant cells,
including erythropoietin (EPO), is proposed and analyzed. The production of EPO is
governed by the number of erythrocytes, while EPO influences the proliferation and
death rate of erythrocytes. Stem cell dynamics can be independently analyzed as a
two-dimensional system. A numerical analysis shows that steady states and their stability
of the 2D stem cell PV submodel are in agreement with the PV model. Combining the
model with data of PV patients, we investigate the model’s clinical significance. It follows
that an efficient treatment must target stem cell properties such as the bone marrow
microenvironment and stem cell death rates.

This talk is based on joint work with Zamra Sajid and Johnny T. Ottesen, at Roskilde
University, Denmark.

Model Identification/Estimation

Improving ensembles of dynamic models using observability analysis
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3Universidade de Vigo, Department of Systems and Control Engineering, 36310 Vigo,
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Dynamic mechanistic modelling in systems biology has been hampered by the complexity
and variability associated with the underlying interactions and the uncertain and sparse
experimental measurements. Ensemble modelling, a concept initially developed in statistical
mechanics, uses a collection of different models compatible with the observed data to
describe the phenomena of interest. During the last two decades, it has started to play an
increasingly important role in the study of biological systems, particularly in cell signalling
[1] and metabolic networks [2]. However, building model ensembles is typically very
computationally costly. Further, recent research has revealed that ensemble modelling
can exhibit a number of important pitfalls [3], so great care must be used during the
constructions of the ensembles.

Here we present a strategy to assess and improve the reliability of a class of model
ensembles. In particular, we consider kinetic models described using ordinary differential
equations (ODEs) with a fixed structure. Our approach is based on the work of [4],
who developed an Ensemble Consensus technique where the ensemble is built using the
sampling from optimization runs of parameter estimation by means of a global optimization
metaheuristic that ensures diversity during the sampling of parameter space. This method
was successfully used to perform uncertainty quantification of state predictions of large
kinetic models [5].

Our new contribution is based on the observation that most models in systems biology
suffer from lack of identifiability and observability. As a consequence, we expect ensembles
of models to be particularly unreliable when predicting non-observable states. We present
a new methodology that makes use of structural identifiability and observability analysis
to identify this type of prediction issues. Further, our method is also able to find model
reformulations that surmount those difficulties. We illustrate the performance of this
method with case studies considering genetic oscillations and glucose homeostasis.

References
[1] Kuepfer, L., Peter, M., Sauer, U., & Stelling, J. (2007). Ensemble modeling for
analysis of cell signaling dynamics. Nature biotechnology, 25(9), 1001-1006.
[2] Saa, P. A., & Nielsen, L. K. (2017). Formulation, construction and analysis of kinetic
models of metabolism: A review of modelling frameworks. Biotechnology advances, 35(8),
981-1003.
[3] Stumpf, M. P. (2020). Multi-model and network inference based on ensemble
estimates: avoiding the madness of crowds. Journal of the Royal Society Interface,

500



17(171), 20200419.
[4] Villaverde, A. F., Bongard, S., Mauch, K., Müller, D., Balsa-Canto, E., Schmid, J.,
& Banga, J. R. (2019). A consensus approach for estimating the predictive accuracy
of dynamic models in biology. Computer methods and programs in biomedicine, 119(1),
17-28.
[5] Villaverde, A. F., Raimúndez, E., Hasenauer, J., & Banga, J. R. (2019). A comparison
of methods for quantifying prediction uncertainty in systems biology. IFAC-PapersOnLine,
52(26), 45-51.

Identifying epidemiological parameters by combining multiple data
sources

James N. Walker [james.walker2@unimelb.edu.au]

The University of Melbourne, Australia

Infectious disease outbreaks regularly contribute to morbidity, mortality and overburden in
hospitals. Effective data use allows a disease to be understood, which helps in determining
optimal intervention strategies. The typical approach is to use outbreak data to fit
parameters of a suitable epidemic model and project future outcomes under different
intervention strategies. This works best if the data can accurately inform key parameters
of the epidemic model. However, a single data source often does not contain enough
information to identify all parameters of interest or leads to high variance parameter
estimates. Fortunately, any one outbreak may be observed via multiple surveillance systems
and, when used in combination, these data sets provide greater parameter identifiability.

In this presentation I will outline how exact Bayesian inference methods can be used to
solve intractable likelihood problems, involving multiple dependent data sets, in the context
of a partially-observed epidemic process. In particular, I consider combining data sets from
multiple seasonal influenza surveillance systems in Australia and show how combining
multiple data sources allows us to more accurately characterise infectious diseases.

A continuation method for spatially discretized models with nonlocal
interactions conserving size and shape of cells and lattices

Shin-Ichiro Ei1, Hiroshi Ishii2, Makoto Sato3, Yoshitaro Tanaka4, Miaoxing Wang3,
Tetsuo Yasugi3 [y-tanaka@fun.ac.jp]

1Department of Mathematics, Faculty of Science, Hokkaido University, Japan; 2Institute
for the Advanced Study of Human Biology, Kyoto University, Japan; 3Mathematical
Neuroscience Unit, Institute for Frontier Science Initiative, Kanazawa University, Japan;
4Department of Complex and Intelligent Systems, Future University Hakodate, Japan
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We introduce a continuation method for the spatially discretized models, while conserving
the size and shape of the cells and lattices. This proposed method is realized using the
shift operators and nonlocal operators of convolution types. Through this method and
using the shift operator, the nonlinear spatially discretized model on the uniform and
nonuniform lattice can be systematically converted into a spatially continuous model; this
renders both models point-wisely equivalent. Moreover, by the convolution with suitable
kernels, we mollify the shift operator and approximate the spatially discretized models
using the nonlocal evolution equations, rendering suitable for the application in both
experimental and mathematical analyses. We also demonstrate that this approximation is
supported by the singular limit analysis, and that the information of the lattice and cells
is expressed in the shift and nonlocal operators. The continuous models designed using
our method can successfully replicate the patterns corresponding to those of the original
spatially discretized models obtained from the numerical simulations. Furthermore, from
the observations of the isotropy of the Delta-Notch signaling system in a developing real
fly brain, we propose a radially symmetric kernel for averaging the cell shape using our
continuation method. We also apply our method for cell division and proliferation to
spatially discretized models of the differentiation wave. These results are based on our
paper [1].
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KDE-likelihood: a tool for fitting agent-based models to equilibrium
data
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Fitting stochastic agent-based models (ABMs) to observational data can be challenging,
because the complexity of ABMs typically prohibits direct application of classical statistical
tools such as the likelihood. Hence, modellers often examine the parameter space by
applying sampling-based methods such as approximate Bayesian computation (ABC), or
they reduce stochasticity by aggregating results over many simulation runs. However, if
the available data represent a system in equilibrium state, sampling may be computationally
costly, since long simulation runs may be required to reach this state. This makes methods
such as ABC difficult to apply. At the same time, aggregating results may lead to
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information loss that could result in identifiability issues corrupting the reliability of the
parameter estimates. In this talk, we suggest the kernel-density-estimate-based (KDE-)
likelihood as a tool circumventing these issues. The KDE-likelihood allows modellers to
exploit the favourable statistical properties of the likelihood function without deriving it in
closed form. We showcase the method’s advantages in real applications by fitting the
forest model Formind to forest inventory data from Changbaishan, China.

Bayesian estimation method based on the Survival dynamical system:
An application to MERS epidemics in South Korea

Eunjin Eom, Boseung Choi [eej0417@korea.ac.kr]

Korea University, Korea

Individual information has inherent variability, and stochastic modeling is more appropriate
for the individual epidemic data. The Sellke construction is a stochastic modeling approach
for the susceptible–infected–removed (SIR) model by Kermack and McKendrick using
personal information. Survival Dynamic Systems (SDS) (KhudaBukhsh et al., 2020) is
an alternative stochastic modeling approach for epidemics based on the individual-level
survival and risk function by applying the migration of each status between compartments
to the survival function model. In the research, we combined the Sellke construction and
SDS method and simplified the methods by utilizing only infection time information. The
Hamiltonian Monte Carlo (HMC) method was used to estimate parameters from the
proposed model to draw samples from a posterior distribution in the MCMC algorithm. We
applied the proposed approach to Middle East Respiratory Syndrome (MERS) infectious
disease data in South Korea in 2015. We estimated the transmission and recovery
constant and the basic reproduction number (R0). We compared the calculated results
with previous research results. We compared the actual observed data with the estimated
model to evaluate the accuracy of the proposed method.
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Pest detection by inversion of a pheromone dispersion model
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One third of the annual world’s crop production is directly or indirectly damaged by insects.
Early detection of invasive insect pests is key for optimal treatment before infestation.
Existing detection devices are based on pheromone traps: attracting pheromones are
released to lure insects into the traps, with the number of captures indicating the population
levels. Promising new sensors are now available to directly detect pheromones produced by
the pests themselves and dispersed in the environment. Tracing the source of pheromone
emission would allow locating the pest’s habitat and performing pesticide-free elimination
treatments, in a precision agriculture context.

We formalized a 3D diffusion-convection model of pheromone concentration dispersion in
the environment that include vegetation-dependant pheromone settling coefficients, in
agreement with existing chemical transport models [1]. This model is converted into a
2D reaction-diffusion-convection model after integration. A sensitivity analysis of this
direct dispersion (forward) model is performed. An inverse (backward) model is then
derived to identify the sources of pheromone emission from signals produced by sensors
spatially positioned in the landscape. A priori biological knowledge on pest behaviour
(favourite habitat, insect clustering for reproduction...) is introduced to constrain the
inverse problem towards biologically relevant solutions. The accuracy of the inverse
solution is assessed on simulated noisy data.

This work was carried out with the financial support of the French Research Agency
(ANR), Pherosensor project (https://pherosensor.inrae.fr/).
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Patterns of interdivision time correlations reveal hidden cell cycle
drivers
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Advances in time-lapse microscopy have led to detailed, time-resolved single-cell datasets.
These include lineage information, revealing correlations between related cells on a lineage
tree. Many interesting results have been uncovered through analysis of the correlation
patterns of interdivision times.
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In this work, we use a linear inheritance matrix model to investigate the cell-cycle drivers
that produce the patterns observed. Interdivision time inheritance is described through
abstract cell-cycle factors, which can be parameterised to common models of cell-cycle
regulation.

Taking various published datasets, we fit our model using Bayesian inference. This reveals
that the underlying model behaviours are identifiable, whereas individual parameters
are not, suggesting that interdivision time correlations alone are insufficient to draw
conclusions on specific cell-cycle mechanisms. However, the correlation patterns can
reveal information about underlying drivers.

Strikingly, we observe that the correlation patterns of three different datasets can be
explained through an underlying circadian oscillator. These insights help us to draw
hypotheses on the cell-cycle drivers affecting interdivision time. Moving forward, we
hope to better understand why specific correlation patterns occur, the drivers of cell
proliferation and how these are altered in a disease state.
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Regulatory agencies currently recommend the use of systems pharmacology to better
integrate preclinical results into the design of clinical trials, for time and cost-effective
drug development [1,2]. Systems pharmacology offers to design physiologically based
pharmacokinetics (PBPK) models which represent different organs/tissues as a series
of compartments connected by flow rates, allowing to describe the system’s physiology
and the drug’s mode of action after infusion. Biochemical parameters driving molecular
reactions inside compartments need to be carefully estimated to ensure the development
of predictive models. Most of these values are not easily measurable directly in patients,
as this would require invasive and/or time-consuming procedures. However, they may be
assessed in in vivo or animal studies and then adjusted to the human scale through systems
pharmacology [3]. Several purely allometry-based (i.e. size-dependent) scaling strategies
have been developed but led to disappointing results, advocating for the careful account
of species-specific physiological and molecular parameters in multi-scale approaches. The
conception of a general framework for translational inter-species scaling is still needed in
the field of systems pharmacology, for efficiently guiding the design of clinical trials [4].

In this study, we aimed at designing such scaling strategy for the anticancer drug oxaliplatin
which is widely used against digestive tumors [5]. We built on existing ex-vivo data on
drug PK in the whole blood of rats or humans exposed to oxaliplatin in vivo, immediately
after sampling, and we generated similar data for mice. We designed a PBPK model
composed of four compartments, representing the amount of platinum (Pt) in the plasma
or in the red blood cells (RBCs), either bound or unbound to proteins. As a first step,
the model was calibrated for each species independently which yielded close data fit and
provided a reference value for the model-to-data errors as a reference for the following
parts.

Next, we investigated methodologies for model scaling in view of faithfully calibrating
the human model only using preclinical datasets. We first attempted a standard “purely
allometric" approach using allometric laws for the six parameters involving five physiological
constants related to RBCs and circulating plasma proteins available in the literature for
the three species. This strategy, however, revealed to be inadequate to reproduce human
observations.To gain insights on key parameters driving the failure of the purely allometric
strategy, we introduced the use of the human datasets and allowed one parameter to be
different for each species while the five others being computed by allometric laws. This
was repeated for all six parameters and the best fit was obtained for the species-specific
estimation of Pt plasma protein binding rate, yielding model errors as good as the reference
ones for all three species. Further, we considered the more realistic case of only partial
access to human data, and only allowed ourselves to use the total Pt plasma levels for
human model calibration.

Finally, to initiate the clinical translation of our results, we extended our “whole blood" in
vivo PK model, to a “whole body" (WB) semi-mechanistic human model of oxaliplatin
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PK using pre-existing patient platinum data [6]. The in vivo model was supplemented
with two additional compartments: one for the liver as an important metastatic site for
colorectal cancers, and one for the rest of the organs. Oxaliplatin clearance was assumed
to occur exclusively through the kidneys and was modeled in the plasma compartment.
All parameters of the WB model but three were inferred from the in vivo model. These
three remaining parameters were estimated from the time-concentration profiles of total
plasma Pt. Under these constraints, the model achieved a good fit to clinical data and
reproduced well the data on plasma free Pt and total RBC Pt which were not used for
parameter estimation. This endorsed the validation of our in vivo-in vivo scaling method.
Moreover, it provided predictions on the time-resolved concentrations of free and bound
Pt in the liver, such data being unavailable in humans due to technical constraints, up to
our knowledge.

In conclusion, this work presents a rational approach towards reliable inter-species transla-
tion from bench to bedside, providing a good balance between precision and computational
cost. It built upon the formalism of physiologically based modeling that allow for mechanis-
tic understanding of a drug’s pharmacokinetics and predictions of unreachable quantities
in the clinical context.
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Anomaly detection and extreme value analysis of blood glucose mea-
surements
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The application of extreme value statistics (EVS) can give important insights [1] into
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understanding and analysing the extremities of blood glucose (BG) levels measured with
continuous glucose monitoring sensors that provide relatively high-frequency data on BG.
This is clinically relevant to understand the risk of patients with diabetes, both short-
and long-term. Anomaly detection algorithms serve a somewhat related role, but instead
of focusing specifically on extremities, they generally seek ”outlying” events in a time
series. A few studies have examined their application for BG curves [2-3], but to our
best knowledge, none have contrasted their results with EVS based metrics. We will
now investigate whether there is a relationship, i.e., whether patients exhibiting more
anomalous BG measurements are also more prone to extremities, and how extremities
and outlying periods are related. The very-long-term measurements of patients with Type
1 diabetes mellitus from the REPLACE-BG trial [4] will be used for empirical investigation.
The EVS based metrics presented by Szigeti et al [1] will be used on the one hand,
and traditional anomaly detection methods such as Local Outlier Factor [5] and discord
detection [6] will be contrasted. Finally, results will be compared with the very novel
Temporal Outlier Factor (TOF) approach [7].
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Physics Informed Neural Networks for parameter inference in Turing
patterns
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Morphological patterns are ubiquitous in everyday life and in a wide range of scales, from
butterfly spots and zebra stripes to patterns in the developing embryo which are key for
the correct development of the organism. A chemical basis for this process was proposed
by Alan Turing 70 years ago, in his 1952 paper [1]. Nevertheless, modelling of these
patterns through Turing models has not achieved an accurate representation of patterns
in real life, with the exception of Stochastic Turing Patterns [2]. In our research, we aim
to use Physics Informed Neural Networks [3] and other Machine Learning methods to
bridge this gap between experiments and theory by finding a representation of the patterns
formed by a bacteria population grown in the lab. To do this, we start by trying to solve
the inverse problem to obtain the parameters of a Reaction-Diffusion model generating
a specific Turing Pattern, with our end goal being to inform experiments as to which
experimental parameters would be ideal to produce patterns.
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Methods Development

First passage time analysis of spatial mutation patterns reveals sub-
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The signature of early cancer dynamics on the spatial arrangement of tumour cells is
poorly understood, and yet could encode information about how sub-clones grew within
the expanding tumour. Novel methods of quantifying spatial tumour data at the cellular
scale are required to link evolutionary dynamics to the resulting spatial architecture of
the tumour. Here, we propose a framework using first passage times of random walks
to quantify the complex spatial patterns of tumour cell population mixing [1]. First,
using a simple model of cell mixing we demonstrate how first passage time statistics can
distinguish between different pattern structures. We then apply our method to simulated
patterns of mutated and non-mutated tumour cell population mixing, generated using
an agent-based model of expanding tumours, to explore how first passage times reflect
mutant cell replicative advantage, time of emergence and strength of cell pushing. Finally,
we analyse experimentally measured human colorectal cancer [2], and estimate parameters
of early sub-clonal dynamics using our spatial computational model. We uncover a wide
range of sub-clonal dynamics, with mutant cell division rates varying between 1 and 4 times
the rate of non-mutated cells across our sample set. Some mutated sub-clones emerged
after as few as 100 non-mutant cell divisions, and others only after 50,000 divisions. The
majority were consistent with boundary driven growth or short-range cell pushing. By
analysing multiple sub-sampled regions in a small number of samples, we explore how the
distribution of inferred dynamics could inform about the initial mutational event. Our
results demonstrate the efficacy of first passage time analysis as a new methodology in
spatial analysis of solid tumour tissue, and suggest that patterns of sub-clonal mixing can
provide insights into early cancer dynamics.
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Effector T cells rely on IL-7 signalling for their survival. The IL-7 receptor (IL-7R),
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composed of the common gamma chain and the specific alpha chain, is also associated
with the kinase JAK3 which triggers its signalling pathway. Recently, study of cell-to-cell
variability and flow cytometry yielded a seemingly paradoxical observation: increased avail-
ability of gamma chains reduces the IL-7 response. We describe two IL-7R mathematical
models that provide an explanation for this inhibitory activity through the formation of
“dummy" complexes and shows that a balance between the IL-7R subunits is crucial for
optimal signalling. Use of Groebner bases provides analytical expressions for the maximum
IL-7 response (or amplitude) and for the half maximal effective concentration (EC50)
of our model. The results obtained could also account for the amplitude and EC50 of
similar protein receptors.

Discrete and continuum methods to investigate phenotypic trade-offs
in growing cell populations

Fiona R Macfarlane [frm3@st-andrews.ac.uk]

School of Mathematics and Statistics, University of St Andrews, UK

Stochastic individual-based modelling approaches allow for the investigation of complex
biological systems, for example cell populations that exhibit single cell dynamics. These
models generally include rules that each cell follows independently of other cells in the
population. From these models one can derive the continuum limits from the underlying
random walk, providing a deterministic PDE description of these processes to allow for
mathematical analysis. Significant intercellular phenotypic variability is commonly observed
in cellular systems. In light of these considerations, we build upon previous work to develop
models for the growth of phenotypically heterogeneous cell populations. Through both
analysis and numerical simulations of the models we can investigate the role of phenotypic
trade-offs in emergence of complex spatial patterns of population growth. For example,
the trade-off between cell division and cell migration capabilities of cancer cells within an
invading tumour.
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Mathematical model of stem cell specification in a growing domain
on example of arabidopsis thaliana

Filip Z. Klawe [klawe@math.uni-heidelberg.de]

Institute of Applied Mathematics, Heidelberg University, Germany

Coordination of fate transition and cell division is crucial to maintain the plant architecture
and to achieve efficient production of plant organs. We designed a mathematical model to
elucidate the impact of hormonal signalling on the fate transition rates between different
zones corresponding to slowly dividing stem cells and fast dividing transit amplifying cells.
The model is based on a simplified two-dimensional disc geometry of the shoot apical
meristem (SAM) and accounts for a continuous displacement towards the periphery of
cells produced in the central zone.

In this presentation, we will study a mathematical framework for analysis and simulation of
development of stem cell based, growing organs with cell self-renewal and differentiation
regulated by signalling factors. Considered model consists of PDEs which describe
concentrations of signals in the moving domain Ω(t) and ODEs. One of the ODEs
describes the evolution of domain Ω(t). The main novelty of our work is a coupling
between PDEs solutions and deformation of the domain. Assuming that Ω(t) is a disc and
it is changing uniformly in all directions we are able to prove the existence and uniqueness
of the solution.

The model is tested by simulating perturbations in the level of key transcription factors
that maintain SAM homeostasis. The model provides new insights on how the tran-
scription factor HECATE is integrated in the regulatory network that governs stem cell
differentiation.
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Stochastic time-dependent enzyme kinetics: closed-form solution and
transient bimodality

James Holehouse1, Augustinas Sukys1,2, Ramon Grima1 [james.holehouse@ed.ac.uk]

1University of Edinburgh, UK; 2The Alan Turing Institute, UK

We derive an approximate closed-form solution to the chemical master equation describing
the Michaelis-Menten reaction mechanism of enzyme action. In particular, assuming
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that the probability of a complex dissociating into enzyme and substrate is significantly
larger than the probability of a product formation event, we obtain expressions for
the time-dependent marginal probability distributions of the number of substrate and
enzyme molecules. Beginning with a simple system of a single enzyme, we extend our
analysis to systems of multiple enzymes and even more complex enzymatic mechanisms
such as ternary complex formation. For delta function initial conditions, we show that
the substrate distribution is either unimodal at all times or else becomes bimodal at
intermediate times. Curiously, this transient bimodality has no deterministic counterpart,
and does not simply arise from competing modes of behavior such as is normally seen in
steady state kinetics—whose origin comes from a combination of critical slowing down
and noise.
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The same, but different – Differences between Neutrophil Elastase
and Cathepsin G

Fabian Schuhmann1, Xiangyin Tan2, Heloisa N. Bordallo2, Ilia A. Solov’yov1 [fabian.schuhmann@uol.de]
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Although the general mechanism for serine protease catalysis is well established, some
questions still remain. For instance, the two enzymes, neutrophil elastase and cathepsin
G, have a lot of structural resemblances; however, elastase degrades virulence factors,
while cathepsin G does not. Their crystal structures are remarkably similiar, but they only
share a sequence identity of 32%. Molecular dynamics simulations have been employed
to study the two enyzimes in solvent and probe their conformational differences.

The two protein structures do not have the same number of residues, which renders the
measurement of the similarity of the structure over the duration of simulations problematic.
In order to tackle the problem, we established a protocol using the Fréchet distance for
alignment [1], the dynamic time warping algorithm [2] to establish couplings of residues
and finally the so-called Kullback-Leibler divergence [3] to classify the differences and
similarities between neutrophil elastase and cathepsin G.

The study revealed a subtle change in the active-site of the enzymes, in which a serine
altered its location slightly. Considering the similarity of the enzymes, such a subtle
change could explain the difference in functionality. The similarity measurement of the
trajectories could therefore hint towards residues which should be focused, while not
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neglecting the dynamical processes of the structures in solvent.
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Quantification and visualization of 3D collective cell migration using
quickPIV

Marc Pereyra [pereyra@fias.uni-frankfurt.de]

FIAS, Germany

Cellular migration is an intrinsic behaviour of most animal cells, allowing them to move
autonomously, either in a directed or a random fashion. Collective cellular migration
refers to groups of cells that migrate in the same direction, which requires the group of
migrating cells to be mechanically and chemically coupled. The multi-cellular regulation
of collective migration produces robust and emergent migration patterns of tissues and
groups of cells, which can be observed during embryogenesis, physiological processes and
metastasis.

In order to quantify three-dimensional collective cell migration, we have developed a
free and open source 3D particle image velocimetry (PIV) software, quickPIV. PIV uses
cross-correlation to establish correspondences of data patches between two time-points,
generating a vector field that describes the movement of cells between two consecutive
recordings. From a technical point of view, quickPIV is programmed in Julia, which
allowed our software to be the fastest 3D PIV package on a CPU.

The goal of this talk is to present how PIV works, and to illustrate the application of
quickPIV on a data set of the embryonic development of the red flour beetle, Tribolium
castaneum. In particular, we show that PIV analyses are applicable to non-segmentable
data sets by using normalized squared-error cross-correlation, which is a novelty of quickPIV
with respect to other open-source PIV software. We also demonstrate our solution for
processing and visualizing the resulting vector fields using Paraview.

Approximating Solutions of the Chemical Master Equation using Neu-
ral Networks

Augustinas Sukys1,3, Kaan Öcal1,2, Ramon Grima1 [asukys@turing.ac.uk]
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The Chemical Master Equation (CME) provides an accurate description of stochastic
biochemical reaction networks in well-mixed conditions, but it cannot be solved analytically
for most systems of practical interest. While Monte Carlo methods provide a principled
means to probe the system dynamics, their high computational cost can render the
estimation of molecule number distributions and other numerical tasks infeasible due
to the large number of repeated simulations typically required. We aim to leverage the
representational power of neural networks to approximate the solutions of the CME and
propose a framework for Neural Estimation of Stochastic Simulations for Inference and
Exploration (Nessie). Our approach is based on training a neural network to learn the
distributions predicted by the CME from a relatively small number of stochastic simulations,
thereby accelerating computationally intensive tasks such as parameter exploration and
inference. We show on biologically relevant examples that simple neural networks with one
hidden layer are able to capture highly complex distributions across parameter space.

Faithful Model Reduction of Discrete Biological Systems

Albin Salazar1,2,3,4, Jérôme Feret 1,2,3 [albin.salazar@ens.fr]

1Département d’informatique de l’ÉNS, (ÉNS, CNRS, INRIA), France; 2Université PSL,
Paris, France; 3 INRIA, Paris, France; 4 Learning Planet Institute, France

Logical models of biological systems has become a useful tool for capturing dynamics
and making predictions of the interactions between molecules. A peculiar feature of
logical type models is that variables are approximated, and usually referred to as states,
and expressions compose state-dependent logical operators. Additionally, it is common
practice that these expressions are derived beforehand which lead to an exhaustive list
of potential states. In light of the varying success of logical models, the derivation
of logical formulations remain non-trivial and are prone to dubious interpretations of
the model behavior (e.g., the interactions of the different bio-molecules). Thus, it is
arguably useful to develop tools that would guide the construction of logical models,
especially those which can be verified. As such, we propose the use of a static analysis
technique, known as abstract interpretation, which has been successful in approximating
mathematical structures. Here we report a generic framework to automatically synthesize
logical models from stochastic chemical reaction networks. We further discuss classes of
constraints to exploit properties emerging from reaction networks which result in more
precise approximation schemes. Finally, we invoke a method to approximate probabilities
distributions for classes of transitions in an attempt to conceive the use of abstract
interpretation to deduce faithful logical models.

Modifying Differential Dynamic Microscopy (DDM): non-invasive IVF
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assessment and beyond

Timothy Ostler1, Katerina Kaouri1, Karl Swann2,Emily Lewis2, Paola Borri2, Yisu
Wang3, Wolfgang Langbein3, Thomas E. Woolley1 [ostlert@cardiff.ac.uk]

1School of Mathematics, Cardiff University, UK; 2School of Biosciences, Cardiff University,
UK; 3School of Physics and Astronomy, Cardiff University, UK

Non-invasive techniques that quantify health markers in eggs and embryos are increasingly
important in In-Vitro Fertilisation (IVF), as more and more data from time-lapse imaging
become available [1]. Differential Dynamic Microscopy (DDM) efficiently extracts statis-
tical motility parameters from time-lapse images, which can be correlated with underlying
health markers. DDM has been successfully applied to a variety of biological datasets
[2,3,4], assuming ergodicity and isotropy. However, both these assumptions are frequently
violated.

Motivated by the challenge of automating assessment of health of eggs in IVF, we analyse
time lapse images of eggs and identify when the assumptions of DDM are violated.
We then present modifications to the DDM algorithm that overcome these violations,
and quickly yield advection speed and diffusion coefficient values. These modifications
account for anisotropy, boundary effects or spurious correlation induced by the microscopy
setting, outperform ‘classical’ DDM. Our work also confirms the robustness of DDM as a
classification tool compared to other similar techniques such as Particle Image Velocimetry
(PIV). Although our work has been motivated by IVF, our modifications to the DDM
algorithm can be applied to many other biological datasets.
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A new system of indices for rooted trees

Veselin Manojlović, Robert Noble [veselin.manojlovic@city.ac.uk]
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Indices for describing and comparing rooted trees have important applications in evolu-
tionary biology and other fields. Although numerous indices have been proposed, many
are applicable only to subsets of trees. Indices meant to describe distinct features are
often compromised by complicated correlations. There is no universal standard. Here we
introduce a new set of indices that are applicable to all rooted tree topologies and that
can account for node sizes. We show that these indices describe distinct features and
are related by a single, simple mathematical equation. We demonstrate the usefulness of
these new indices by applying them to evolutionary trees derived from colorectal cancer
methylation data. We propose this system of indices as a new standard for describing
rooted trees.

Modelling free boundaries and boundary interfaces of simple epithelial
tissues

Domenic P.J. Germano, Adriana Zanca, Stuart T. Johnston, James M. Osborne
[germanod@student.unimelb.edu.au]

The University of Melbourne, Australia

Simple epithelial tissues occur in various structures throughout the body, such as the
endothelium, mesothelium, linings of the lungs, saliva and thyroid glands, and gastrointesti-
nal tract. The different epithelial geometric structures can be modelled using a number
of mathematical approaches, such as discrete cell-based models. For the mathematical
biologist, there is a choice to make regarding appropriate boundaries and how they should
be modelled, as not all models result in the same outcome. During this talk, we will
address the necessary considerations in making suitable modelling choices with relation to
tissue boundaries. We will present three key models (node based, Voronoi tesselation and
vertex) and discuss the advantages and disadvantages of each model, as well as some
model applications.

Multiscale framework for estimating force response of cytoskeleton
during intracellular transport

J. Köry, N.A. Hill, X.Y. Luo and P.S. Stewart [jakub.koery@glasgow.ac.uk]

University of Glasgow, UK

Eukaryotic cells exhibit a complicated rheology in response to mechanical stimuli, including
an elastic response due to the cell cytoskeleton (a network of cross-linked filamentous
proteins) and energy dissipation resulting from transport of cytosol through this network
as well as transient crosslink dynamics. Rational upscaling of existing detailed (but com-
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putationally expensive) discrete models into continuum is largely missing and the manner
in which microscale parameters and processes manifest themselves at the macroscale is
thus often unclear.

Motivated by recent experiments probing cell rheology using optical tweezers [1] we
introduce a discrete mathematical model for the mechanics of the cell cytoskeleton. The
model involves an initially regular (planar) array of pre-stretched protein filaments (e.g.
actin, vimentin) that exhibit tensile forces and resistance to bending. Assuming that the
inter-crosslink distance is much shorter than the region of the cell under consideration,
we upscale the force balance equations using discrete-to-continuum methods based on
Taylor expansions to form a continuum system of governing equations and infer the
corresponding macroscopic stress tensor.

We solve these discrete and continuum models numerically to analyse an imposed displace-
ment of a small bead placed in the domain and infer force-displacement curves, which
show good quantitative agreement between the approaches. Furthermore, we linearise
the continuum model to derive analytical approximations of the stress and strain fields
in the neighbourhood of the moving bead, explicitly computing the net force required to
generate a given deformation as a function of model parameters including the bead radius
and the filament pre-stress.

Future work will incorporate nonlinear effects in polymer elasticity as well as dynamic
aspects of cell rheology (poro-visco-elasticity).
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Analysis of activity bursts in TGF-β signaling by stochastic modeling
(talk)
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The signaling of TGF-β and SMADs encodes various cell fates, controls tissue homeostasis
and is deregulated in diseases such as cancer. The pathway shows strong heterogeneity
at the single-cell level, but quantitative insights into mechanisms underlying fluctuations
at various time scales are still missing. This is partly due to inefficiency in the calibration
of models that mechanistically describe the signaling processes. To better understand
the mechanisms we have developed a new stochastic model that we present in this
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contribution. By using high-order numerical integration and fitting to burst statistics we
efficiently estimate model parameters and discriminate sub-models that assume noise in
different reactions at the receptor level. Our model predicts the single-cell dynamics of
TGF-β/SMAD signaling in untested conditions and thereby successfully reflects memory
effects of signaling noise and cellular sensitivity towards repeated stimulation. We further
discuss the results of our model discrimination, which suggests that stochasticity in the
internalization of TGF-β receptors plays a key role in the observed temporal bursting.

Morphometrics analysis for cell shapes and movement modes: a sim-
ulation study

Koji Noshita [noshita@morphometrics.jp]

Kyushu University, Japan

Morphological traits of cells and cell populations are fundamental properties for their
functional features such as migration, morphogenesis, wound healing, and immunogenicity
[1-3]. Although we wish to measure all of the morphological aspects of target cells and cell
population, there are barriers, including the gap between measured data and phenotypic
values, low quantitativity, and low throughput caused by the lack of models.

In this talk, I proposed a morphometric approach to quantify the cell shapes as static
traits and their movements as dynamic traits. From the microscopy images and computed
tomography (CT) volume data, each cell is recognized by using an instance segmentation
method (e.g., Mask R-CNN, 3D U-Net-derived models). For quantifying an outline shape
of a single cell, outline-based morphometric models are used (e.g., the elliptic Fourier
descriptors in 2D and spherical harmonic descriptors in 3D). These descriptors consist
of a set of coefficients of harmonic series, and the empirical morphospace, in which the
coefficients are distributed, is often summarized by using a dimension reduction method
(e.g., PCA). Here, I investigate which types of cell shapes are distinguished based on
morphometric descriptors in virtual 2D images and their time-series data. By using the
cellular Potts model, several types of motile cells are mimicked. Morphometric descriptors
and their time-series analysis reveal the cases in which we are able to recognize the
differences among these cells and not.
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The Filtered Finite State Projection Method for the Analysis and
Estimation of Stochastic Biochemical Reaction Networks

D’Ambrosio E., Fang Z., Gupta A. and Khammash M. [elena.dambrosio@bsse.ethz.ch]

ETH Zürich, Department of Biosystems Science and Engineering, Basel, Switzerland

Recent advances in fluorescence technologies and microscopy techniques have significantly
improved scientists’ ability to investigate biological processes at the single-cell level.
However, fluorescent reporters can only track the temporal dynamics of a limited number
of critical components in a cell (e.g. fluorescent proteins), leaving other pivotal dynamic
components (such as gene-state) hidden. Moreover, the nature of the interactions among
intracellular biomolecular species is inevitably stochastic in the low copy number regime.
Therefore developing mathematical and computational tools for analysing the behaviour
of stochastic reaction networks from time-course data is urgently needed.

Here we develop a finite-dimensional filter for estimating the conditional distribution of the
hidden (unobserved) species given continuous-time and noise-free observations of some
species. In this setting, the conditional distribution evolves in time according to a large
or potentially infinite-dimensional system of coupled ordinary differential equations with
jumps, known as the filtering equation. We develop a Finite-State Projection method,
which provides an approximated solution by truncating the infinite-dimensional system.
Additionally, we give computable error bounds to the algorithm. Finally, we present several
numerical examples to illustrate our method and compare its performance with an existing
particle filtering method for estimating the conditional distribution.

Other

Modelling the effects of active flows on mass transport around reef-
building corals

Siluvai Antony Selvan1&3, Linda Blackall2, Peter Duck3, Draga Pihler-Puzovic4,
Douglas R. Brumley1 [selvana@student.unimelb.edu.au]

1School of Mathematics and Statistics, The University of Melbourne, Australia; 2School of
BioSciences, The University of Melbourne, Australia; 3Department of Mathematics, The
University of Manchester, UK; 4Department of Physics and Astronomy, The University of
Manchester, UK

Reef-building corals, the largest living underwater ecosystem, are threatened due to marine
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pollution and rising ocean temperatures. The functioning of corals depends on mass
transport happening on the sub-millimetre range, which is enhanced due to the vortical
flows generated by active stirring of cilia found on the surface of corals (Shapiro et al.
2014). On the length scale of cilia, the flows must satisfy the Stokes equations. Existing
theoretical frameworks capture the flow generated by collective ciliary arrays (Shapiro et
al. 2014, Ramirez-San Juan et al. 2020). However, these works fail to resolve the flow
field around the individual cilia that can contribute to the mixing and nutrient exchange.
We develop a new model based on the singularity approach, to capture the vortical flows
generated by the individual cilia, and validate this model with the real-time motion of
a single eukaryotic flagellum (Pedley et al. 2016). We find that a point-torque (i.e., a
rotlet), which is a solution of the Stokes equations, captures the steady-state flow field
of a single cilium. By comparison with other reduced models (Brumley et al. 2014 and
Ramirez-San Juan et al. 2020), which employ a point-force (i.e., a stokeslet) to model
the ciliary-driven flows, the rotlet-based model captures the steady-state profile of a single
cilium with greater accuracy. The superposition of flow fields due to a chain of rotlets
allows us to model the vortical flows generated by the ciliary array at the coral surface,
providing enough resolution of the flow field of each cilium to study the nutrient exchange
between the coral and the surrounding fluid. The nutrient flux near the coral surface
is evaluated based on the relative strength of the vortical and ambient flows. The new
model can be generalized to ciliary distributions on other domains (e.g., mucociliary arrays
in airways and cilia in microorganisms).
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Modelling of cardiac electrophysiology – Can simulations replace the
experiment in pharmaceutical cardiosafety assessment?
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Safety, Chilly-Mazarin, France

Drug-induced cardiac arrhythmia is a severe but frequent off-target effect of drugs and
a leading cause of preclinical failure. The mechanism of action is mostly related to
interactions of the drug with multiple cardiac ion channels responsible for the generation
of a cardiac action potential (AP).

As a branch of quantitative systems toxicology, in silico simulations are of growing
attractiveness to guide preclinical cardiosafety risk assessments, progressively substituting
in vitro/in vivo assays, such as rabbit Purkinje fibers. Multiscale mathematical models of
the cardiac AP capture the complex interplay of multiple ion channel interactions. To
deploy the models in an industrial setting, we created a computational framework for
predicting AP biomarkers. Furthermore, we performed a comparative benchmark and
investigated a variety of AP models, including a newly developed simplified model tailored
to the AP of rabbit Purkinje cells, for their ability to substitute individual experiments.
The simulated changes in AP duration (dAPD90) at increasing drug concentrations were
compared to experimental results from 588 internal Purkinje fiber studies covering 555
different drugs with diverse modes of action.

Using the novel model, 80% of the Purkinje experiments could be quantitatively reproduced.
This result allows for significant saving of experimental effort in early pharmaceutical
research setting, the reduction of animal experiments and justifies the embedding of
electrophysiological simulations into the DMTA (Design, Make, Test, Analyze) cycle in
pharmaceutical compound optimization.

Age-specific risk factors and the prediction of obesity using a machine
learning approach

Junhwi Jeon1, Sunmi Lee1, Chunyoung Oh2 [cyoh@jnu.ac.kr]

1Kyung Hee University, South Korea; 2Chonnam National University, South Korea

Machine Learning is a powerful tool to discover hidden features in various data driven
research fields. Obesity involves extremely complex factors, such as biological, physi-
ological, psychological, and environmental factors. A machine learning framework can
provide a successful approach to revealing essential risk factors of the complex obesity
phenomenon. Over the last two decades, the obesity population (BMI of above 23) in
Korea has been rapidly growing. In this work, we assess obesity prediction by utilizing
eight Machine Learning algorithms, and identify risk factors of obesity based on the Korea
National Health and Nutrition Examination Survey (KNHANES) data 2016-2019. We
explore age-specific and gender-specific risk factors of obesity for adults (19-79 years
old).
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Our findings show that the risk factors for obesity are sensitive to age and gender under
different Machine Learning algorithms. Both male and female 19-39 age groups show
the highest performance of over 70% accuracy and ROC while the 60-79 group shows
around 65% accuracy and ROC. Both male and female 40-59 age groups achieved the
highest performance of over 70% in ROC, but the female achieved lower 70% in accuracy.
Our results highlight that the top four significant features in all age gender groups for
predicting obesity are Triglyceride, ALT(SGPT), Glycated hemoglobin, and urine acid. For
the accuracy ratio of the classifiers and age groups, there is no big difference in accuracy
when the number of features is more than six, except the accuracy ratio decreased in the
female 19-39 age group.
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We propose a novel, metaheuristic, and population-based optimization algorithm inspired
by the hunting and flying behaviors of the Philippine Eagle, called the Philippine Eagle
Optimization Algorithm (PEOA). From a random population of eagles in a search space,
the best eagle undergoes a local food search using the interior point method as its means
of exploitation. The population is then divided into three subpopulations, and each
subpopulation is assigned an operator which controls the exploration. The best eagle is
then updated and conducts a local food search again. After multiple iterations, the food
searched by the final best eagle is the optimal solution in the search space. PEOA is tested
on a varied set of benchmark test functions and compared to other optimization algorithms.
To further validate the effectiveness of PEOA, it is implemented in several real-world
applications. These include image reconstruction in electrical impedance tomography,
which has many uses in biomedical sciences. We also apply PEOA in the parameter
identification of a neutral delay differential equation model. Furthermore, we apply PEOA
in solving COVID-19 vaccine allocation problems in the Philippines. Applications in
engineering are also presented.
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A Mathematical Model of the Interactions Between Complex Carbo-
hydrates, the Intestinal Mucus Layer and the Gut Microbiota

Thulasi Jegatheesan, Hermann J. Eberl [tjegathe@uoguelph.ca]

University of Guelph, Canada

The human gut microbiota rely on complex carbohydrates for energy and growth, particu-
larly dietary fiber and host-produced mucins. These complex carbohydrates must first
be hydrolysed by certain microbial groups to enable cross-feeding by the gut microbial
community. We consider a mathematical model of the enzymatic hydrolysis of complex
carbohydrates into monomers by a microbial species. The resulting monomers are sub-
sequently digested by the microbial species for growth. We first consider the microbial
species in a single compartment continuous stirred-tank reactor where dietary fiber is the
only available substrate. A two compartment configuration in which a side compartment
connected by diffusion is also studied. The side compartment is taken to be the mucus
layer of the human colon, providing refuge from washout and an additional source of
complex carbohydrate in the form of mucins. We study the two models using stability
analysis, numerical exploration, and sensitivity analysis. We find that the delay in substrate
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availability due to hydrolysis results in bistability and the unconditional asymptotic stability
of the trivial equilibrium. The addition of the mucus compartment allows the microbial
species to survive under conditions that would otherwise result in washout in a comparable
single compartment reactor. This would suggest that depending on the features of the
gut microbiota being studied, extracellular hydrolysis and a representation of the mucus
layer should be included in mathematical models of the human gut microbiota.

Before the continuum limit: quantifying fluctuations in particle mod-
els for collective motion.

Jeremy Worsfold, Tim Rogers, Paul Milewski [jw3286@bath.ac.uk]

University of Bath, UK

At the macroscopic scale, many important models of collective motion fall into the class of
kinematic flows for which both velocity and diffusion terms depend only on particle density.
When the total numbers of individuals are fixed and finite, simulations of corresponding
microscopic dynamics exhibit stochastic effects which can induce a variety of interesting
behaviours not present in the large system limit. In this talk I will show how the fluctuations
in a general class of particle models can be characterised and quantified. I will apply this
to a variety of phenomena including: models for bacterial swarming; stochastic pattern
formation for spatially coupled oscillators; and anomalous bulk sub-diffusion in porous
media. This talk will be based on the work presented in [1].
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Bayesian approach for modelling RNA transcription

Elena Sabbioni [elena.sabbioni@polito.it]
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Gene expression is regulated through the fundamental processes of transcription, splicing
and degradation, that can be modelled as an ODE system, whose parameters need to
be estimated from experimental data collected by single-cell RNA sequencing. By this
technique, biologists can take only a single snapshot of the cellular states: they obtain
the counts of unspliced and spliced mRNA molecules, for each gene and for each cell
altogether at the moment of the sequencing, that actually corresponds to different levels
of maturity in the evolution of the different cells, and then the cells are destroyed.

The aim of this work is to reconsider part of the method introduced in [1] to analyze
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scRNA-seq data and to describe the evolution of some cells over different cell types,
exploiting the level of expression of their genes and the concept of RNA-velocity. We
reformulate it in a way that is mathematically better founded, using Bayesian statistics.
We discuss the advantages of our approach in terms of the quality and the interpretability
of the results.
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Latent variable models of fungal growth considering the data mea-
surement process (Talk)

T. Hameed1, N. Motsi1,2, E. Bignell 3, R. J. Tanaka 1 [tara.hameed17@imperial.ac.uk]

1 Imperial College London, UK; 2 University of Manchester, UK; 3 University of Exeter,
UK

Fungal infections are common and are often treated with antifungal drugs. With the
growing threat of antifungal resistance, extensive research is underway to develop novel
antifungal drugs, mainly through animal or in vitro experiments. The primary readout
in those experiments is the fungal growth data (time course data of fungal burden) in
different treatment groups. To evaluate and compare the efficacy of antifungal drugs,
we often want to estimate the rate of fungal growth in each treatment group by fitting
the fungal growth data to mathematical models of fungal growth. However, the data is
often affected by measurement errors and ignoring the measurement errors may bias the
derivation of the growth rates. Non-parametric models are not appropriate as they do
not explicitly include a fungal growth rate as a model parameter, and fitting the data
to non-parametric models would not provide a biologically interpretable fungal growth
rate.

To address this issue, we developed a latent variable model of fungal growth that incorpo-
rates the measurement process of the fungal growth data. In this model, the measured
fungal burden is treated as an observed variable distributed around a latent true fungal
burden whose dynamics is described by an exponential growth, for example. We tested
the model’s ability to infer a fungal growth rate from the data we collected under different
treatment conditions in vitro, using a Bayesian workflow through prior predictive, fake
data and posterior predictive checks. We then evaluated the model’s performance to
predict the fungal growth using cross validation. Our model outperformed baseline (a
random walk and autoregressive) models in terms of estimated expected log predictive
density, and inferred a biologically interpretable fungal growth rate. Incorporating the data
measurement process in a fungal growth model improved inference and interpretability of
fungal growth rates.
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Exploring the dynamics of efferocytosis in the Drosophila embryo us-
ing agent-based modelling

Daniel Tudor1, Andrew Davidson1, Michael Raymond2, Linus Schumacher1, Will
Wood1, Kodi Ravichandran2 []

1University of Edinburgh, UK; 2University of Virginia, USA

The role of apoptosis of cells and their removal via efferocytosis is a key process dur-
ing development. During normal development, programmed cell death occurs, and
macrophages clear these apoptotic cells. Failure to effectively clear apoptotic cells may
contribute to chronic inflammation as well as auto-immune dysfunction as well as distract-
ing macrophages from their role in wound healing. Not only are the removal apoptotic cells
important in ensuring normal development but it is also important in priming macrophages
for their inflammatory role in response to tissue damage and infection. Macrophages which
do not undergo efferocytosis have been seen to have a reduced response to wounding.

Recently, a fluorescent reporter has been developed which allows for real time detection
of emerging apoptotic cells and their subsequent removal via efferocytosis within the
Drosophila embryo, previously this tracking of both apoptosis and efferocytosis was compli-
cated to detect due to the rapid removal of apoptotic cells. By utilising this methodology,
we saw that when macrophages are confronted with a high rate of apoptotic cells, they
displayed heterogeneity in their engulfment. During this engulfment macrophages were
observed to “eat first” and “digest later” which led to some macrophages having a higher
corpse burden, and even resulted in extreme burdened macrophages having compromised
abilities to clear wound debris.

To understand the dynamics behind efferocytosis as well as understanding the role in
which different clearance strategies could play in clearing apoptotic cells, we developed an
agent-based model. The role of the agent-based model is to shed light on the question of
why macrophages may favour an “eat first” and “digest later” strategy in comparison to
alternative strategies. To do this, we analysed how inducing a range of corpse burden
limits across macrophages affected the clearing time of the apoptotic cell field, both
under directed random motion and chemotaxis. We are currently advancing the model
to investigate the role of secondary necrosis of apoptotic cells and its role in distracting
macrophages from undergoing their wound healing response.

Identification of circular RNAs and sequence-based rules underlying
back-splicing
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School of Medicine, University of Alabama at Birmingham, USA

Circular RNAs (circRNAs) are a class of RNAs that has been known for decades but
only in recent years scientists have start ed to appreciate their role in health and disease.
CircRNAs are characterized by a covalently closed loop structure that is lacking 5’-3’
polarity and a poly-adenylated tail and is created as the result of a back-splicing event.
Their structure makes circRNAs resistant to exonuclease degradation and hence more
stable than their cognate linear RNAs – a property that augments their potential as
effective disease biomarkers and therapeutic molecules. In recent years, thousands of
circRNAs have been identified, and many more are likely waiting to be identified.

Several research teams have used machine learning (ML) to understand the back-splicing
code for circRNA formation and identify novel circRNAs. Few tools that utilize deep
learning (DL) have achieved accuracies, sensitivities, and specificities of over 95% but
have lacked interpretable results. We have tested different RNA features and conventional,
interpretable ML algorithms and were able to achieve similar performances compared
to DL-based tools. Feature analysis of our best-performing ML approach identified the
relative importance of certain nucleotides determining back-splicing and circular RNA
formation.

Model selection and discrepancy assessment for ion channel mod-
elling with multiple different calibration and validation datasets

Gary R. Mirams [gary.mirams@nottingham.ac.uk]

University of Nottingham, UK

Multiple sets of ODEs and parameterisations of these have used to model the voltage-
dependence of the hERG potassium channel carrying the current known as IKr. IKr
plays a fundamental role in repolarising cardiac cells after an electrical wave stimulates
them, ready for the next wave. A detailed description of IKr opening and closing in
response to changes in voltage is particularly of interest because it is commonly blocked
by pharmaceutical drugs. This block can lead to safety problems via increased arrhythmic
risk. We have been looking at ways to describe the amount of discrepancy in a given ODE
model by parameterising it to multiple different experimental datasets, under different
voltage-clamp (forcing function) protocols. By doing cross-validation and assessing how
well the model parameterised to one protocol can predict the currents under other protocols
we gain insights into model discrepancy and how to select the most appropriate model.
Together with novel experimental designs for these purposes and a detailed treatment of
experimental artefacts we are iterating in on the most predictive models to use.
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Lipid-structured models for macrophage dynamics in atherosclerotic
plaques

Mary R. Myerscough [mary.myerscough@sydney.edu.au]

University of Sydney, Australia

Atherosclerotic plaques grow in the walls of arteries in response to injuries to the artery
wall. Plaques are a very significant cause of heart attacks and strokes. Macrophages are
the most important type of immune cell in these plaques. A macrophage enters the artery
wall from the blood stream and then starts to internalise lipid (fat). This lipid comes
from modified LDL (the particles that carry “bad cholesterol”), from the cell membranes
and internal lipids of apoptotic (dying) cells that each macrophage consumes, and from
free lipid in the necrotic (dead) core of the plaque. Macrophages can also proliferate,
die or leave the plaque, taking their internal lipid with them. Whether or not a plaque
resolves, remains present, but small, or grows to a dangerous lesion, will depend on the
balance between these processes.

We present a model for the dynamics of a population of plaque macrophages, including the
dynamics of the macrophages’ internalised lipid loads. This model comprises a advective
PDE with non-local terms in the structural variable and several ODEs.

We explore the relative contributions of macrophage recruitment from the blood stream
vs macrophage proliferation and show that proliferation can, counterintuitively, lead to a
healthier and less dangerous plaque than if there is no proliferation.

Effect of physical and geometrical stimuli on microvascular dynam-
ics

Fabian Spill [f.spill@bham.ac.uk]

University of Birmingham, UK

The microvasculature is not only a passive organ composed of pipes responsible for the
delivery of blood to tissues. It is a highly dynamic organ that actively regulates the passage
of nutrients and immune cells to the tissue. More specific, this regulation is bi-directional,
where immune cells signal with the blood vessel cells to regulate the recruitment of
immune cells to the vasculature, and the subsequent passage of immune cells through
the vasculature into the tissue. This regulation of cell trafficking through the vasculature
is deregulated in diseases such as atherosclerosis or in cancer, where cancer cells are
trafficking through the vasculature.

Besides cell-cell interactions, the dynamics of the vasculature can also be regulated by
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physical stimuli, such as the properties of the underlying extracellular matrix, the forces the
vascular cells exert on each other, or the geometrical properties of the vascular network.
In this talk, I will present mathematical models that elucidate how physical, together
with molecular or cellular, stimuli can regulate the dynamics of the vasculature and the
trafficking of cells through it.

Mathematical modelling of pattern formation using synthetic gene
networks in biofilms

M. Oliver Huidobro, R.G. Endres, M. Isalan, R.H. Pazuki, A.M. Gil [martina.oliver-
huidobro@imperial.ac.uk]

Life Sciences Department, Imperial College London, UK

Spatial patterning in biology is the result of an emergent phenomena where an initially
uniform system of cells gains heterogeneity and complexity in the spatial domain. These
spatial structures can be observed widely in nature (e.g. 2D patterns in zebra’s striped skin
or 3D patterns in the labyrinthine brain cortex). Understanding the mechanisms behind
these spatial heterogeneities is not only key to expand our knowledge in developmental
biology and morphogenesis, but also to synthesise patterned tissues, functional biofilms
or organoids for downstream biotechnology applications. Even though nature robustly
produces patterns under biological noise and varying conditions, promising mechanisms
such as Turing patterns are extremely sensitive to parameter changes [1, 2] . In this
study we will explore in-silico how to increase the robustness of Turing patterns to
guide the engineering of these patterns in-vivo. Furthermore, a PDE solver adapted for
bacterial colony growth will be developed. This solver combines reaction-diffusion and
a cellular-automata to replicate experimental results of pattern formation in bacterial
colonies [3].
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Online Poster

Developmental Biology

Communication is the key: information-theoretic analysis of shh sig-
naling in the neural tube pattering

Andela Markovic1, Karen M. Page1 and James Briscoe2 [an-
dela.markovic.16@ucl.ac.uk]

1University College London, UK; 2The Francis Crick Institute, UK

In vertebrate embryos, the morphogen Sonic Hedgehog (Shh) patterns the neural tube,
which then develops into the brain and spinal cord of the organism. Shh forms a gradient
from the front to the back of the tube and its level determines neural identity of each
cell in the tissue; cells interpret this signal to form sharply delineated domains of neural
progenitors. For decades, scientists have been trying to understand how such precise
patterning is possible. In general, trying to understand how one cell knows what to become
has been one of the main goals in developmental biology. If we had to give the simplest
and shortest answer to that question, it would be: ‘Information’. Shh sends the positional
information to the cells through its pathway and the cells receive that information in the
form of Gli activity, which tells them which progenitor domain they belong to. Since the
fate of a cell in the neural tube depends on its position, we are interested in understanding
how the cells distinguish different positions along the tube based on the information they
have. For this reason, we turn to information theory which was created in order to analyse
communication over any noisy channel and uses mathematical language to describe the
relationships between the sent message and the received one. The advantage of this
approach is that we do not need detailed understanding of the pathway; we look at it as
an input-output device, which measures the input signal x and elicits a stochastic output,
Y . We are using the data by Zagorski et al. [1] where Gli activity in the tissue is measured
along the dorsal-ventral length of the tube, at different time points, in a number of mouse
embryos. Information theory defines the measures of information as functions of the input
and output probability distributions that need to be estimated. Since most of the tools
used for this estimation are quite computationally expensive, we decided to use a new
framework proposed by Jetka et al. in [2], called SLEMI, which significantly simplifies the
computation. Using SLEMI, we found out how much information the cells receive, how
many and what positions they can resolve and at what time. It was interesting to see not
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only in what way the mathematics of information theory interprets our current knowledge
on the patterning and confirms some hypothesis, but also what new features it reveals.
In general, understanding how information is processed in cells can be essential for not
only the study of embryo development, but also for the treatment of many diseases.
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A Stochastic Approach to Cell Fate Decision and Homeostasis: Sym-
metric and Asymmetric Cell Division
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1School of Computational and Integrative Sciences, Jawaharlal Nehru University, New
Delhi, India; 2Department of Chemistry, Indian Institute of Technology Delhi, India

A major goal of modern biology is to understand cell-fate decision which maintain home-
ostasis over time. Stem cells have the unique ability of self-renewal as well as differentiation;
they can thus give rise, at the next generation, to either stem or differentiated cells. Some
stem cells have a short genealogy in the sense that within a few generations, they produce
only differentiated cells. Those with a long genealogy, on the other hand, continue to
produce at least one stem cell in each generation. We study a population model that
starts with a single stem cell. Different cell fates correspond to the different attractors
on the energy landscape of a genetic toggle switch. There are two main components of
our model, nucleus position and segregation of cell fate determinants in daughter cells.
This provides a population level model to understand the ability to maintain proportions
of self-renewal and terminally differentiated cell lines. The importance of noise and
nucleus position (which in turn decides the plane of cleavage) in determining the stem
cell genealogies is studied, and compared with results from a Markov model that ignores
nucleus position. This also supports the hypothesis that the number of clones reduces
over time, with average clone size however increasing.
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Gene Networks

Epithelial to mesenchymal transition in Lung cancer is an (im)balance
of signals induced by TGFβ signaling

Gottumukkala Sai Bhavani, Dr. Anbumathi Palanisamy [gsaib@student.nitw.ac.in]

Department of Biotechnology, National Institute of Technology Warangal, Warangal,
India

Epithelial to mesenchymal transition (EMT) is a critical developmental program implicated
in the process of carcinogenesis and confers to the metastatic properties of a cell. A prime
signature of EMT is the loss of epithelial marker E-cadherin and the gain of mesenchymal
marker N-cadherin through various key transcription factors. The Transforming Growth
Factor-β (TGFβ) signaling pathway plays a prominent role in regulating these key tran-
scription factors, modulating EMT in numerous cancer types. TGFβ induced EMT in lung
cancer is widely explored in A549 cells in terms of both its canonical (SMADdependent)

and non-canonical (SMADindependent) signaling pathways. Together TGFβ induced
canonical and non-canonical signaling pathways regulate the expression of several down-
stream transcription factors such as NF-kB, SNAIL, ZEB, and MMPs, which are involved
in stimulating the invasive mesenchymal properties of Lung cancer. A significant feature
of TGFβ induced EMT in Lung cancer is the augmentation of EMT when TGFβ signaling
functions together with other signaling pathways such as TNF-α, EGFR, and NOTCH.
The present study is an attempt to construct a comprehensive map of molecular interac-
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tions involved in invasive lung cancer through an extensive literature survey of the intricate
signaling involved in TGFβ induced EMT. The map is curated using the System Biology
Graphical Notation (SBGN) in cell designer and consists of 123 nodes and 211 edges in the
current version. The network map reveals the overall architecture of TGFβ induced EMT
in lung cancer that brings out the correlation between the canonical (TGFβ/SMAD) and
non-canonical (P I3K/Akt,Rho/RACK, c −Myc, Jak/STAT3, p38/MAPK) signaling
of TGFβ. Structural and dynamic analysis of the network may provide insights in identi-
fying potential therapeutic targets or prognostic markers for the suppression of TGFβ
induced EMT, invasion, and metastasis in lung cancer.

Immunobiology and Infection

A machine learning approach to differentiate between COVID-19 and
influenza infection using synthetic infection and immune response
data

S. Farhang-Sardroodi1, M. S. Ghaemi2, M. Craig3, H. K. Ooi2, J. M Heffernan4,5

[suzan.farhangsardroodi@umanitoba.ca]

1Department of Mathematics, University of Manitoba, Winnipeg, Manitoba, Canada;
2Digital Technologies Research Centre, National Research Council Canada, Toronto, ON,
Canada; 3Sainte-Justine University Hospital Research Centre and Department of Mathe-
matics and Statistics, Université de Montréal, Montreal, Quebec, Canada; 4Modelling
Infection and Immunity Lab, Mathematics Statistics, York University, Toronto, Canada;
5Centre for Disease Modelling (CDM), Mathematics Statistics, York University, Toronto,
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Data analysis is widely used to generate new insights into human disease mechanisms and
provide better treatment methods. Here, I present a machine learning model, developed
by employing a Lasso regression classifier, to effectively classify influenza and COVID-19
virtual patients using in-host patient data. While having the same primary signs COVID-19
can produce more severe symptoms, illnesses, and higher mortality. Using within-host
model structures, we generated synthetic data with five in-host measurements including
target cells, eclipse phase, and productively infected cells, viral load, and type I IFN. Our
investigation highlighted the ability of machine learning models to accurately (ROC AUC
of 95%) identify two different diseases based on major components of viral infection and
immune response. Analyzing the feature importance revealed that the viral load and the
productively infected cells are the most important components to determine if a patient
is infected by influenza or SARS-CoV-2.
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Extending a Physiologically-Based Pharmacokinetic Model to Under-
stand the Effects of First-Line Anti-Tuberculosis Drugs on Extrapul-
monary Tuberculosis Infection
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Tuberculosis (TB), an infectious airborne disease, is a leading cause of mortality due to
an infectious agent1,2. An estimated 1.5 million TB-related deaths occurred in 2020, of
which 34% occured in India, the country with the highest TB burden3. TB primarily
targets the lungs but can affect other organs as well, giving rise to extrapulmonary TB
(EPTB)4. According to the WHO, EPTB constituted about 16% of the 7.1 million
worldwide notifications in 20192. In India, EPTB notifications amounted to 607,830 in
20215. However, it continues to be overlooked and an optimal regimen for EPTB is
not defined. While the recommended treatment for most forms of EPTB is the same
as pulmonary TB, EPTB therapy is not as well-studied as pulmonary TB (PTB)6. To
address this, in our work we focus on formulating a whole-body physiologically-based
pharmacokinetic (PBPK) model for EPTB, focusing on lymph node TB and pleural TB,
the predominant forms of EPTB.

Reaching sufficient concentrations of a drug at the site of infection, at the appropriate time,
and for the optimum duration is necessary for effective treatment of a disease. Shibata et
al.7 developed a model that predicts delamanid PK at EPTB sites such as the brain, heart
and liver. However, to our knowledge, none of the existing whole-body PBPK models for
TB are able to simulate drug concentrations in the pleura and lymph node. Here, we extend
a whole-body PBPK model to include the following two compartments: a consolidated
lymph node compartment, and a pleural fluid compartment as an extension of the lung
compartment. Using this model, we estimate the time-dependent concentrations, at
potential EPTB infection sites, of the 4 first-line anti-TB drugs: Rifampicin, Ethambutol,
Isoniazid and Pyrazinamide. We utilise reported plasma concentration-time data to
estimate the model pharmacokinetic parameters (absorption rate and systemic clearance)
for each drug. We then validate our model using a different set of reported plasma
concentration data. Further, the model is used to simulate and understand the effect
different dosing regimens can have on EPTB infection by comparing the time-dependent
drug concentrations to the minimum inhibitory concentration (MIC).
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A Multiscale Immune-Epidemiological Model for Coupling Within-
Host and Between-Host Dynamics in COVID-19 Infection

S. Farhang-Sardroodi1, I. AI-Darabash1, S. Gazeau2, X. Deng2, S. Portet1, M.
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While within-host and between-host models of COVID-19 dynamics have been widely
studied in isolation, connecting the immunological and epidemiological scales through multi-
scale models is necessary to incorporate individual and population-oriented approaches.
Multi-scale models provide a deeper understanding of the role of individual heterogeneity
playing on developing epidemics. Intra-individual and inter-individual dynamics of COVID-
19 are intrinsically linked. Thus, finding the appropriate functional links between these
two scales is important to accurately model the interactions between epidemiological
(between-host) and immunological (within-host) processes. In this work, we present a new
mathematical model that explicitly combines the individual- and population-level dynamics
to give new insights and perspectives into how the SARS-CoV-2-immune dynamics at
the within-host scale influence the epidemiological transmission dynamics at the between-
host scale. With this model we investigate (1) how within-host immune-viral dynamics
of COVID-19 affects incidence at the population level and (2) how population level
transmission dynamics affect COVID-19 viral evolution at the individual level.

Data-guided mapping of the temporal immune landscape of sepsis in
early life

Tabitha Lewis1, Farzad Fathizadeh1, Peter Ghazal2, ThomasWoolley2, Alma Rahat1,
Noemi Picco1 [919250@swansea.ac.uk]
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Sepsis is defined as an abnormal and uncontrolled response of the immune system to
infection. Because of our lack of understanding of why and how our immune response
goes awry, at present there is no cure for sepsis, only strategies to manage the symptoms.
Critically, in many cases, patients that present with mild symptoms can very quickly
degenerate into organ failure and life-threatening conditions that require resuscitation.
Therefore it is crucial that we not only understand the early onset of sepsis. But also
identify those turning points of when sepsis can become critical. A dynamical systems
approach to the description of the dynamics is suitable to capture the key interactions
between key players in the immune systems and the virus concentration. Currently, the
correct functional forms are chosen arbitrarily. However, by following a data-centric
approach, we can develop a workflow for the systematic identification of these forms
and the critical thresholds resulting in severe sepsis. The dataset used consists of time
series readings of an extensive set of markers characterising the mice’s immune status at
multiple time points. By identifying these forms, our ultimate goal is to be able to design
early intervention strategies that can avoid the rapid escalation and the need for drastic
action.

Experimentally-driven structured population models for macrophage
phagocytosis

Keith L Chambers1, Helen M Byrne1, Laura E Chaffey2, Gareth Purvis2, David R
Greaves2 [keith.chambers@maths.ox.ac.uk]

1Mathematical Institute, University of Oxford, UK; 2Sir William Dunn School of Pathology,
University of Oxford, UK

Macrophages play an essential role in the innate immune response by engulfing and
digesting debris in a process called phagocytosis. In this study, we develop a class of
structured population models for macrophage phagocytosis that consider the process
at various levels of biological detail. We use time series data, gathered from in vitro
phagocytosis assays in which macrophages consume E coli bioparticles, to validate and
calibrate our models. By comparing the models to the experimental data, formally done
via the Akaike Information Criterion, we find that it is important to include numerous
negative-feedback mechanisms in order to produce a parsimonious fit. Explicitly, the
results indicate that: (i) the rate of phagocytosis is down-regulated upon continued
consumption so that each cell has a finite capacity for bioparticle storage, (ii) each cell
has a finite capacity to degrade bioparticles, and (iii) bioparticle degradation increases the
rate of cell death. Estimates for the model parameters are also established via Bayesian
inference.
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Modelling The Effects of Social Distancing, Antiviral Therapy, And
Booster Shots On Mitigating Omicron Spread
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We propose a COVID-19 mathematical model that considers Omicron and previous
variants, booster shots, waning of immunity, breakthrough infections, and antiviral therapy.
We quantify the effects of social distancing (SD) in the Republic of Korea by estimating
the reduction in transmission µ induced by government policies from February 26, 2021
to January 16, 2022. The time-dependent µ has a value between 0 and 1, with 1 being
the strictest SD. Simulations show that by February 28, 2022, 92% of infections are
caused by Omicron. Strict SD (µ = 0.81) is necessary to reduce the number of cases.
However, if the focus is shifted towards reducing the severe instead of daily cases, relaxed
SD (µ = 0.66) is possible if the administered booster shots have at least 90% effective-
ness. Furthermore, if the available antiviral pill is at least 89% effective against severe
infections with Omicron, then a more relaxed SD (µ = 0.54) can be implemented without
overburdening healthcare systems.
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Dynamics of an SEIR model with random perturbation
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Mathematical models are useful for describing natural phenomena. Particularly in the
biological and medical fields, not all data are available and only a part of them are observed.
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In such cases, models such as differential equations are used to complement observations
and for long-term predictions. Numerical experiments can also be carried out under
different conditions with different parameter values based on the constructed model to
gain new knowledge.

The use of mathematical models based on differential equations in the field of infectious
diseases began in the 20th century and has been applied to various infectious diseases such
as measles, rubella and HIV. Models with an age structure or regional structure as well as
models for vector-borne disase have also been developed, and have been used to calculate
the final size of the outbreak or to estimate the effects of healthcare measures.

Most of the models used so far are deterministic, whereas there is a lot of uncertainty in
the field of epidemiology. Conventional models have assumed and utilised average values
for parameters, but the number of contacts with others is heterogeneous and depends
on each individual demography such as age or occupation. In addition, some infectious
diseases have a seasonal trend and are influenced by human behaviour.

Stochastic differential equation is one way to add uncertainty in the model, however, the
use of Gaussian processes can lead to undesirable results, such as negative values. In such
situations, it is desirable to implement a bounded noise in the model, and an approach
with random ordinary differential equations was considered in this study.

In this study, a model based on the SEIR model with carrying capacity is considered, with
the transmission rate and death rate replaced by stochastic processes. The formulated
model is now a system of random ordinary differential equations and it is studied by
the theory of random dynamical systems and dynamical analysis. First, a comparison
of numerical experiments between the deterministic and random models is presented to
show how the long-term behavior vary. Then the existence, uniqueness, positiveness
and boundedness of solutions are discussed. The condition under which the disease free
steady state is satisfied is derived, and the condition under which infections spread, in
particular the condition under which the E and I compartments increase. Finally, numerical
experiments are carried out under the obtained conditions to show the behaviour of the
solution.
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Mathematical modeling of COVID-19 epidemic in the Republic of
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Korea considering Omicron variant: Multi-faceted analysis
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Recent variant of concern Omicron (B.1.1.529) has caused skyrocketed number of cases
around world, especially in Korea. In 2022, the peak number of confirmed cases in Korea
was risen to 100 times of the peak in 2021.

In this research, we developed a mathematical model considering age-structure, vaccine,
antiviral treatment, and influx of the Omicron. By maximum likelihood estimation using
individual based data, transmission rates among age groups were estimated. We quantified
the impact of nonpharmaceutical interventions (in community and border), forecasted the
scale of the peak in the ealry 2022, and performed a theory-based endemic equilibrium
study to find find the manageable number of cases according to epidemioligical factors
and healthcare capacity.
As results, we found that nonpharmaceutical interventions in community could reduce
the force of infection by 31% to 73%, depending on the intensity of social distancing
level. Our forecast showed that severe cases would exceed the capacity if the impact of
intervention was leser than 55%. Nonpharmaceutical interventions in border, screening
measure, was examined by being ranged from different time points and showed the
importance of border control in the early stage. For example, if screening measure was
intensified from the day first Omicron case arrived, the daily incidence by February 3, 2022
could have been reduced by 87%. Our theory-based endemic equilibrium study suggested
manageable number of cases as a function of severe rate, length of hospital stay, and
severe patient capacity. By applying real data, we found that the incidence number in
mid-December 2021 exceeded the theory-driven manageable number of daily cases, which
significantly increased later as severe rate and hospital stay reduces, and severe patient
capacity increases.
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In 2020, the National Capital Region (NCR), home to more than thirteen million people,
had been the epicenter of the COVID-19 pandemic in the Philippines. To combat
the spread of the disease, the government enforced community quarantines and non-
pharmaceutical interventions. We study the effects of these measures and case reporting
on disease dynamics using an SEIR model adapted to NCR and its seventeen constituent
units. For each level of community quarantine implemented during the onset of the
pandemic, key parameters were determined by fitting the model using publicly available
data on daily cases. Model solutions resembled trends of the cases and parameter
estimates indicated underreporting and varying transmissibility. Comparisons between the
data and model extension suggested that the implementation of the policies had been
more relaxed. The model can be developed for use in decision support systems in cities
and ultimately, in the country.

Simplified within-host and dose-response models of SARS-CoV-2 in-
fection

Jingsi Xu1, Carl Whitfield1, Thomas House1, Jonathan Carruthers2, Thomas Finnie2,
Ian Hall1,2 [jingsi.xu@manchester.ac.uk]

1University of Manchester, UK; 2PHAGE Joint Modelling Team, UK Health Security
Agency, UK

Understanding the mechanistic dynamics of transmission is key to designing more targeted
and effective interventions to limit the spread of infectious diseases. A well-described
within-host model allows explicit simulation of how infectiousness changes over time at
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an individual level. This can then be coupled with dose-response models to investigate
the impact of timing on transmission. We collected and compared a range of within-host
models used in previous studies and identified a minimally-complex model that provides
suitable within-host dynamics while keeping a reduced number of parameters to allow
inference and limit unidentifiability issues. Furthermore, non-dimensionalised models were
developed to further overcome the uncertainty in estimates of the size of the susceptible
cell population, a common problem in many of these approaches. I will discuss these
models, and their fit to data from the human challenge study for SARS-CoV-2 and
the model selection results, which has been performed using ABC-SMC. The parameter
posteriors have then used to simulate viral-load based infectiousness profiles via a range
of dose-response models, which illustrate the large variability of the periods of infection
window observed for COVID-19.

Age-stratified Modelling for Short-term Projections of COVID-19 Mor-
tality and Hospital Burden in England

Feng Xu1,2, Christopher Overton1,2, Ian Hall1,2,3, Thomas House1,2,3, Lorenzo Pellis1,2,3

[feng.xu@manchester.ac.uk]
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Turing Institute, London, UK

The burden of COVID-19 is well known to concentrate in the older age groups. Therefore,
generating real-time projections of infections, hospital admissions and mortality to guide
policy making requires an age-stratified transmission model. Furthermore, care homes
have been disproportionately affected during this pandemic, with many residents being
too frail to undergo intensive care and virtually all deaths outside of hospital recorded in
care homes.

Based on time-series data on hospital admissions stratified by age, on hospital and ICU bed
occupancy, and on mortality stratified by age and residence type, we devised a deterministic
multi-group compartmental model consisting of four subpopulations: care-home residents
and the non-care-home residents in three broad age classes, each subpopulation being
divided into several in- and out-of-hospital compartments. We calibrated the model with
the data using Monte-Carlo Markov Chain simulations with negative binomial likelihoods.
To reproduce the multi-wave phenomena appearing in the data, we assumed the infectivities
are step functions of time. We specified the transition rates between compartments from
publicly available estimates and estimates from an alternative hospital line-list dataset
and out-of-hospital mixing matrices, and only estimated part of the model parameters,
such as the constant infectivities in each time interval, the probabilities of following each
possible hospital pathway, and the mixing within care homes and between care homes and
the rest of the population.
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We show that the model is flexible enough to capture the complex dynamics of the
COVID-19 pandemic and provide short-term projections of hospital burden and mortality
in and out of hospital and that it is straightforward to expand the model to include other
factors, such as vaccination. We discuss model estimates and the insight provided about
the link between care homes and the general population. The model structure and the
calibration procedure can be easily adapted for future epidemics.

Modeling of the transmission dynamics of COVID-19 in India: An
optimal control and cost-effective analysis

Vijay Pal Bajiya1, Sarita Bugalia1, Jai Prakash Tripathi 1Maia Martcheva2 [ba-
jiya123@mail.com]

1 Central University of Rajasthan, Ajmer, Rajasthan, India; 2 University of Florida,
Gainesville, USA

The coronavirus disease 2019 (COVID-19) pandemic has established significant public
health challenges and initiated a substantial economic burden worldwide. However,
the employment of numerous non-pharmaceutical interventions (NPIs), contact tracing,
isolation, quarantine, and wearing face masks, are still playing significant role in controlling
the pandemic. Here, in this paper, we assess the effectiveness of different NPIs utilizing a
compartmental model. The local and global asymptotic stability of equilibria (disease-free
and endemic) in terms of the basic reproduction number (R0) have been discussed. We
also showed that the system undergoes a backward bifurcation for the case of imperfect
quarantine (quarantine with low efficacy). The model parameters corresponding to the
transmission rate and fraction of individuals of the population who put on the face mask at
public places have been estimated using the Markov chain Monte Carlo (MCMC) method
for the total confirmed cases of COVID-19 in India. The theoretical results have also been
validated through various numerical simulations. Sensitivity analysis to quantify the crucial
model parameters that affect the basic reproduction number has also been performed.
The numerical simulations also determined that reducing R0 below one is insufficient to
eliminate the COVID-19 disease. Our finding suggests that quarantine with low efficacy
may be harmful in controlling the COVID-19 confirmed cases in India due to the bistable
behavior of the system. It has been concluded that in order to control the transmission
of COVID-19, the infected individuals need to be kept in quarantine with perfect efficacy.
The findings also suggest that effectiveness of face masks also plays a significant role
in reducing the COVID-19 prevalence in India. Further, we extend our study to the
optimal control problem to measure the time-dependent and most cost-effective control
strategies that can decrease the number of infections in a particular time interval. We
establish the existence of the optimality system and utilize the Pontryagin’s maximum
principle to describe the optimal levels of the three control functions based on different
control interventions. The infection averted ratio (IAR), the average cost-effectiveness
ratio (ACER),and the incremental cost-effectiveness ratio (ICER) have been computed
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to examine the cost-effectiveness of very potential groupings of the control policies. We
observe that the intervention strategy against COVID-19 infection that includes all control
measures, the implementation of lockdown, social distancing and increased awareness,
testing diagnoses, and intense medical care averts the maximum number of infection cases
(36.70×107 infection cases in 100 days) than any of the governed control strategies. The
findings suggest that the intervention strategies including implementation of lockdown,
social distancing, and awareness only, is the highest cost-effective in controlling the
infection. It also has the least value of ACER and associated cost. We hope that the
findings of the present study may be helpful to policymakers to make decisions regarding
the control strategies.

References
[1] Bootsma, Martin CJ, and Neil M. Ferguson. The effect of public health measures
on the 1918 influenza pandemic in US cities. Proceedings of the National Academy of
Sciences 104, no. 18: 7588-7593, 2007.
[2] Lenhart, Suzanne, and John T. Workman. Optimal control applied to biological
models. Chap- man and Hall/CRC, 2007.
[3] Anderson, Roy M., Hans Heesterbeek, Don Klinkenberg, and T. Deirdre Hollingsworth.
How will country-based mitigation measures influence the course of the COVID-19
epidemic?. The lancet 395, no. 10228: 931-934, 2020.

Controlling COVID-19 in the US using social distancing and contact
tracing
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Social distancing measures have been implemented in the United States (US) since March
2020, to mitigate the spread of SARS-CoV-2, the causative agent of COVID-19. However,
by mid-May 2020 most states began relaxing these measures to support the resumption
of economic activity, even as disease incidence continued to increase in many states. To
evaluate the impact of relaxing social distancing restrictions on COVID-19 dynamics and
control in the US in 2020, we developed a transmission dynamic model and calibrated
it to US state-level COVID-19 cases and deaths using Bayesian inference methods. To
assess the model’s predictive performance, we trained (calibrated) it to reported cases
and mortality data from 19 March to 30 April 2020 and validating its predictions against
data from 1 May to 20 June 2020; and use the model, trained on data to 22 July 2020,
to predict future incidence and mortality.

We used this model to evaluate the impact of social distancing, testing and contact
tracing on the COVID-19 epidemic in each state. As of 22 July 2020, we found that
only three states were on track to curtail their epidemic curve. Thirty-nine states and
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the District of Columbia had to double their testing and/or tracing rates and/or rolling
back reopening by 25%, while eight states required an even greater measure of combined
testing, tracing and distancing.

In the absence of an effective vaccine, our model shows that testing and contact-tracing
capacity are paramount for mitigating large-scale increases in US cases and deaths.
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Biases in epidemiological analyses of SARS-CoV-2

Ryosuke Omori [omori@czc.hokudai.ac.jp]

Hokkaido University, Japan

Recently, control of infectious disease epidemic has been recognized as an urgent social
challenge since the pandemic of SARS-CoV-2 is ongoing. To control infectious disease
epidemic, understanding the current situation of epidemic and the impact of intervention,
e.g., school closure and vaccine etc., is required. To this end, mathematical models are
used for a long time. However, application of mathematical modelling to SARS-CoV-2
epidemic was difficult due to the simplification of host behavior assumed in mathematical
model and biases in the epidemiological data of SARS-CoV-2. In this talk, I discuss biases
in the epidemiological data of SARS-CoV-2 and solutions.

In the beginning of SARS-CoV-2 epidemic, the epidemiological data was collected by
passive surveillance. The epidemiological data in the early phase of epidemic is important
for infectious disease epidemiology, because the important statistics, the basic reproduction
number, is usually measured using the epidemiological data in the early phase of epidemic
assuming the number of infected individuals grows exponentially. However, we found that
the number of reported cases in the early phase did not follow the exponential growth
in several countries[1]. Furthermore, temporal variation in time-series of confirmed case
fatality rate was observed, suggesting temporal change of societal response to this disease
which causes biases in epidemiological data collected by passive surveillance.

As a solution of biases in passive surveillance, the use of viral load of SARS-CoV-2 in
wastewater was proposed. However, we found that the estimation of prevalence/incidence
from viral load of SARS-CoV-2 in wastewater can be biased. To estimate preva-
lence/incidence from viral load in wastewater, taking the time-variation of viral load
since infection and the age of infected individuals into account is required[2,3].
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COVID-19 is a respiratory disease triggered by an RNA virus inclined to mutations. Since
December 2020, variants of COVID-19 (especially Delta and Omicron) continuously
appeared with different characteristics that influenced death and transmissibility emerged
around the world. To address the novel dynamics of the disease, we propose and analyze
a dynamical model of two strains, namely native and mutant, transmission dynamics with
mutation and imperfect vaccination. It is also assumed that the recuperated individuals
from the native strain can be infected with mutant strain through the direct contact
with individual or contaminated surfaces or aerosols. We compute the basic reproduction
number for each strain independently and take the maximum for R0. We prove the
nonexistence of backward bifurcation using the center manifold theory, and global stability
of disease-free equilibrium when the basic reproduction number R0 < 1, that is, vaccine
is effective to eliminate the native and mutant strains even if it cannot provide full
protection. Hopf bifurcation appears when the endemic equilibrium loses its stability. An
intermediate mutation rate ν1 leads to oscillations. When ν1 increases over a threshold,
the system regains its stability and exhibits an interesting dynamics called endemic bubble.
An analytical expression for vaccine-induced herd immunity is derived. The epidemiological
implication of the herd immunity threshold is that the disease can be effectively eradicated
if the minimum herd immunity threshold is attained in the community. Furthermore, the
model is parameterized using the Indian data of the cumulative number of confirmed
cases and deaths of COVID-19 from March 1 to September 27 in 2021, using MCMC
method. The cumulative cases and deaths can be reduced by increasing the vaccine
efficacies to both native and mutant strains. We observe that by considering the vaccine
efficacy to native strain as 90%, the cumulative cases and deaths would be reduced
by 3.27% and 5.2%, respectively; and by considering the vaccine efficacy to mutant
strain as 90%, the cumulative cases and deaths would be reduced by 0.9% and 2.5%,
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respectively. Our study demonstrates that the COVID-19 pandemic may be worse due
to the occurrence of oscillations for certain mutation rates (i.e., outbreaks will occur
repeatedly) but better due to stability at a lower infection level with a larger mutation rate.
We perform sensitivity analysis using the Latin Hypercube Sampling (LHS) methodology
and partial rank correlation coefficients (PRCCs) to illustrate the impact of parameters
on the basic reproduction number, the number of cumulative cases, and the number of
deaths, which ultimately sheds light on disease mitigation.
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Last March 2021, COVID-19 vaccines were made available for mass distribution and
public use in the Philippines. Since then, different factors such as increased mobility and
limited vaccine supply have inevitably demanded efficient and appropriate allocation of
vaccines, especially in the National Capital Region (NCR). This study proposes a modified
SEIR model of the COVID-19 dynamics in the NCR that stratifies the population into
three groups: the young (0-19 years old), the adult (20-64 years old), and the elderly
(65+ years old), based on the age-dependent vaccine prioritization implemented by the
national government. The daily data of COVID-19 cases was used to determine key
parameters. These were used in solving an optimal control problem targeted at minimizing
infected cases while also minimizing costs for vaccination. The time period for vaccination
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was divided into three according to vaccine availability and government policies. In the
resulting optimal solutions, we find that vaccinating as early as possible corresponds to an
early decline in the number of infections. Moreover, vaccination of the adult and elderly
populations can reduce infectious cases in the young population. Further improvement
of the study can accommodate division of the population into smaller age groups, the
inclusion of boosters, and scenario analysis for the appearance of new variants.

Could vaccinating at-risk populations with Meningococcal B vaccine
reduce incidence and antimicrobial resistance in gonococcal infections
in the UK?

Segun Oke1, Ray Borrow3, Valerie Decraene3, Alexander Thompson2, Roberto
Vivancos3, Lorenzo Pellis1, Ian Hall1, Soeren Metelmann3, Anna Donten2 [se-
gun.oke@manchester.ac.uk]
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Mathematical transmission models have been increasingly used to guide public health
interventions of infectious diseases, thanks to their unique ability to explore the impact that
assumptions at the individual level have on the dynamics at the population level. Neisseria
gonorrhoeae (gonorrhoea) incidence has been growing steadily in the UK, followed more
recently by antimicrobial-resistant (AMR) gonorrhoea infections. Developing a vaccine
is challenging, but the N.meningitidis (group B, MenB) vaccine given to children and
young adults has been attested to reduce the incidence rate of gonorrhoea infection.
To understand the impact of MenB vaccination in controlling the spread of gonorrhoea,
mathematical models of emergence of AMR gonorrhoea, together with the assumptions
they rely on and the predictions they make, need to be understood. We will present our
systematic evaluation of publications on population-level transmission models of AMR
gonorrhoea over a recent ten-year period (2011–2020) and describe two new transmission
models, one for gonorrhoea and one for MenB. We will present their fit to data for both in-
fections in the United Kingdom (UK), the insight gained from these models, and the plans
for merge them into a suitable joint transmission model for proper economic evaluation of
how immunisation against MenB can contribute to the control of both infections in the UK.
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Mathematical Neuroscience

Emergence of characteristic axonal distribution in tau sorting and
mis-sorting arises from phosphorylation and directionality of tau: an
agent based model of tau localization

Tanmay Mitra [tmitraphys@gmail.com]

Helmholtz Center for Infection Research in Braunschweig, Germany

Abstract: Disruption of homeostasis related to tau protein and its functionality is one of
the critical contributory events in the pathogenesis of Alzheimer’s disease (AD). Such
pathological alterations seen in diseased neurons include an altered axonal localization
of tau along the microtubule (MT), an abnormal phosphorylation of MT bound tau
proteins and the formation of neurofibrillary tau tangles (NFT) in the soma. We explain
the increasing concentration of MT-bound tau towards distal axon in healthy neurons
(tau sorting) and the reverse gradient of it together with somatodendritic localization of
phosphorylated tau (tau missorting) observed in tauopathies deploying asymmetric simple
exclusion processes (ASEP) coupled with Langmuir kinetics (LK) along the MT tracks.
Our model unveils the extent of tau phosphorylation and anterograde movement of MT
bound tau to be the prominent mechanisms determining the axonal tau distribution. We
also find an excessive inflow of phosphorylated tau proteins into the soma as compared to
the ones exerted via axonal endings to emerge as a result of tau phosphorylation and a
decreasing gradient of localized tau along axon, thereby explaining the formation of NFT
into the soma. Some of the other emerging tau localization patterns in axon are also
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in agreement with known experimental findings and provide us with novel insights into
homeostatic regulations of tau in the neuron. The localization patterns that emerge from
our simulations can also be used to stage the deviation of axonal localization of tau from
a sorted pattern observed in a healthy neuron, thereby possibly correlating it with the
extent of neurodegeneration in individual neurons. By employing tools of non-equilibrium
statistical physics, the thus developed agent based model is a minimal computational
model explaining tau sorting, tau missorting, formation of NFT and other tau localization
patterns.

Population Dynamics, Ecology and Evolution

Can kinetic fingerprinting help to decipher the interactions between
porkaryotes and their viruses?

Christel Kamp1,2, Finn Gehlert3, Felix Haidle2, Katrin Weidenbach3, Holger Loessner1,
Oleg Krut1, Ruth Schmitz-Streit3 [christel.kamp@pei.de]

1Paul-Ehrlich-Institut, Germany; 2Goethe University Frankfurt, Germany; 3Kiel University,
Germany

Bacteria and archaea are prokaryotic microorganisms that establish complex ecosystems
with viruses that are able to infect them. There is a huge variety in interactions and
life styles that impact on the population dynamics that can be observed in these species.
These population dynamics can be seen as kinetic fingerprints of the underlying interactions
between prokaryotes and their viruses. In a recent study [1] we used this observation to
generate hypotheses about synergistic interactions among viruses infecting the bacterial
species Klebsiella pneumoniae. We now extend this approach of kinetic fingerprinting
to study the interaction of the archaeal species Methanosarcina mazei with their viruses
which can be found in a variety of environments such as water, soil and intestinal tracts.
In vitro infection experiments at variable multiplicities of infection are used to study the
collective interactions between viruses and their hosts. The kinetic data are evaluated
using a differential equation model to define the kinetic fingerprint and to infer underlying
interactions. On this basis, we will discuss differences and common features of inferred
interactions in different species and settings as well as their implications in the larger
ecological context.
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cer Cells
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Phenotypic heterogeneity is a hallmark of aggressive cancer behaviour and a clinical
challenge. Despite much characterisation of this heterogeneity at a multi-omics level
in many cancers, we have a limited understanding of how this heterogeneity emerges
spontaneously in an isogenic cell population. Some longitudinal observations of dynamics
in epithelial-mesenchymal heterogeneity, a canonical example of phenotypic heterogeneity,
have offered us opportunities to quantify the rates of phenotypic switching that may drive
such heterogeneity. Here, we offer a mathematical modeling framework that explains
the salient features of population dynamics noted in PMC42-LA cells: (a) predominance
of EpCAMhigh subpopulation, (b) re-establishment of parental distributions from the
EpCAMhigh and EpCAMlow subpopulations, and (c) enhanced heterogeneity in clonal
populations established from individual cells. Our framework proposes that fluctuations or
noise in content duplication and partitioning of SNAIL-an EMT-inducing transcription
factor-during cell division can explain spontaneous phenotypic switching and consequent
dynamic heterogeneity in PMC42-LA cells observed experimentally at both single-cell and
bulk level analysis. Together, we propose that asymmetric cell division can be a potential
mechanism for phenotypic heterogeneity.

Evolutionary generation and optimality of social contact networks

Bunlang Thatchai1, Thomas House1,2, Termeh Shafie3, Christopher Overton1,2 [bun-
lang.thatchai@manchester.ac.uk]

1Department of Mathematics, University of Manchester, UK; 2UK Health Security Agency,
London, UK; 3Department of Social Statistics, University of Manchester, UK

Contacts between individuals provide an opportunity for cooperation, but these are also
the main factor for the spread of disease. This contradiction has been noted by many
applied researchers. As an example of the COVID-19 pandemic, many countries encourage
their population to work from home to temporarily reduce physical contact. Consequently,
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this will result negatively in the benefits we might have from collaborative works, for
instance, continuous economic growth or new innovation. The purpose of this project is
trying to analyse the trade-off between social benefits and the risk of the disease infection
mathematically.

I will present an analysis of this trade-off and discuss how results change for different
network structures. I will consider a range of networks with increasing complexity, starting
from the Erdős-Rényi random graph, and then adding clustering and specific local struc-
tures (e.g. two-stars), or other exponential random graphs (ERGs). I will also consider
different infectious disease models, starting from the simplest SIS and SIR models. The
graph structure will be fitted to real social network data via MCMC and the disease
dynamics compared to available epidemiological data.
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Sampling theory and species abundance distribution in food webs

Kei Tokita [toktia@i.nagoya-u.ac.jp]
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When examining the distribution of populations of various species in various ecosystems,
characteristic patterns of species diversity (e.g., species abundance distribution (SAD) and
species area relationship (SAR)) are universally observed. Elucidation of the mechanisms
that characterize these patterns is considered one of the “unanswered questions in ecology
in the last century”[1] and is expected to contribute to the conservation and sustainability
of biodiversity. Hubbell proposed a neutral model [2] that extends the neutral theory of
population genetics to macroscopic ecological communities, and coalescent theory and
non-equilibrium statistical mechanics such as the master equation have been used to
obtain exact solutions [3-6] for the SAD of the neutral model which is called a "zero-sum
multinomial distribution". Although the neutral model can be applied only to competitive
communities competing for the same niche, we have applied the methods of statistical
mechanics of random systems, such as spin glass theory, to the nonlinear equations of
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multi-species evolutionary dynamics (replicator equations [7]):

dxi
dt

= xi

 N∑
j=1

ai jxj −
1

N

N∑
j=1

N∑
k=1

ajkxjxk


and analytically clarified the dependence of SAD on various parameters, e.g., productivity
of the system [8], symmetry [9] and order of interactions among species [9], and the
sparseness of the species interaction network [10,11]. In this paper, I consider such a
random community model, especially when the interspecific interaction matrix is fully
antisymmetric, i.e., a food web type ecological network. The model is based on the
generalized Lotka-Volterra equation with antisymmetric species interactions by Edward
Kerner [12]. I extend this model to a food-web type multi-species replicator equations with
antisymmetric (∀i , j, ai j = −aj i) random interactions, and analytically derive a sampling
formula for the SAD of a local community when there are migrations of population to and
from the metacommunity. The amount of migration and the fluctuation of population
dynamics is determined by Kerner’s "eco-temperature". Population dynamics of replicator
equations with fully antisymmetric random interactions are generally chaotic, and this
study is the first example of analytically derived SAD for a food web model showing such
complex population dynamics.
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Gene drives and over-suppression
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Suppression gene drives (SGDs) spread a deleterious genetic cargo through a population
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by biasing its own inheritance. This technology offers a promising solution to the burden
posed by vectors of important human diseases. Presently, theoretical and experimental
studies favor SGD constructs that quickly eradicate a population. However, in practice,
this may cause the drive to perform worse than if the lethality were reduced. This is the
case when, for example, migration of the target species occurs from neighboring, non-
controlled regions. These wild-type immigrants can re-establish the population following
local eradication. Eradication need not be intentional for this to occur; so long as drive
killing occurs faster than drive spreading (both genetic and geographic), there is a risk of
the construct becoming locally extinct and the target population returning to pre-control
levels. How might we balance drive lethality with target population permanence in the
presence of bidirectional migration? In this work, we seek to answer this question for
select SGDs. Using a patch-based model, we study drive performance in the presence of
bidirectional migration between a target and non-target population. We seek to establish
under what conditions a drive persists in a suppressed target population while remaining
robust to migration.

BCR-antigen catch bond behavior
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Whether some B cells have B-cell receptors (BCR) displaying catch-bond behavior[1]
when interacting with their cognate antigens (Ag) has seldom been explored. However,
given that in general B cells interact with Ag tethered on the membrane of particular
macrophage and dendritic cell subpopulations, notably follicular dendritic cells, that this
interaction results in the generation of traction forces acting on BCR-Ag bonds, and that
many T-cell receptors display catch-bond behavior when interacting with their cognate
Ags[2], it is worth to analyze how likely is this kind of BCR-Ag binding.

Here we perform a theoretical analysis of this question and the consequences it may
have on the interpretation of immune reaction processes. Our model generalizes different
models proposed in the literature[3] and allows us to extract two important conclusions:
Firstly, the bond survival probability displays a bi-exponential decay:

S(t) = ωe−k1t + (1− ω)e−k2t

This poses a theoretical problem, as radically different conceptual models provide the
same mathematical description of the experimental data.

Secondly, an applied force can change the relative values of the kinetic rates, so, affinity
alone cannot predict a selectable trait. In particular, there exists a threshold force, Fc ,
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such that for effective forces larger than that, a weaker BCR at zero force can become
stronger (longer binding times). Thus, if different BCRs with specificity for the same Ag
differ in their bond properties (slip vs. catch), then this property could be a selectable
trait in GCs, favoring moderate-affinity BCRs with catch bonding or high-affinity BCRs
with slip bonding indistinctly.
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Mathematical Oncology

A mathematical model of the effect of mutagenesis caused by repli-
cation errors and external factors on cancer risk

Kouki Uchinomiya, Masanori Tomita [u-kouki@criepi.denken.or.jp]
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Replication errors influence mutations, and thus, lifetime cancer risk can be explained by
the number of stem-cell divisions [1]. Additionally, mutagens also affect cancer risk. It is
known that high-dose radiation exposure increases lifetime cancer risk [2]. However, the
influence of low-dose radiation exposure is still unclear because the influence, if any, is,
very slight. The minimal influence of the mutagen could be assessed by virtually comparing
the states with and without mutagen using a mathematical model. Here, we show a
mathematical model to assess the influence of replication errors and mutagens on cancer
risk. In our model, replication errors occur with a certain probability during cell division,
and mutagens cause mutations at a constant rate. Cell division is arrested when the
number of cells reaches the capacity of the cell pool. When the number of cells decreases
due to cell death or other causes, cells resume division. It was assumed that the mutations
of oncogenes occur stochastically with each mutation and that cancer cells arise when the
number of oncogene mutations exceeds a certain number. We approximated the number
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of mutations caused by errors and mutagens. By using the approximation, we examined
whether statistical data on cancer risk can be explained only through replication errors.
Except for the risk of leukemia, the risks of esophageal, liver, thyroid, pancreatic, colon,
breast, and prostate cancers were explained only by replication errors. Next, influences of
mutagens were analyzed using various parameters. The model predicted that influences
would appear earlier, when the turnover rate of the tissue is higher and fewer mutations
of oncogenes were necessary for carcinogenesis.
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Combating Tumor Growth with Oncolytic Viruses and Chimeric Anti-
gen Receptor T Cells: A Mathematical Model
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A combination treatment of chimeric antigen receptor T (CAR-T) cells and oncolytic
viruses (OVs) has recently demonstrated promising treatment outcomes in preclinical
studies. While the recent literature suggests that these therapies can synergistically
augment each other, it is, however, currently not clear whether a single dose or multiple
sequential doses of CAR-T cells during the OVs therapy can have a synergetic effect on
tumor reduction. To investigate these effects, we proposed a simple model that accounts
for the virus-induced synergism that could result in efficacious combination therapy against
tumor cell populations. Interestingly, our simulations show that, while the treatment with
a single dose of CAR-T cells is inadequate to eliminate all tumor cells, combining the
same dose with a single dose of OVs can successfully eliminate the tumor in the absence
of virus-induced synergism. On the other hand, if there is a virus-induced synergism, then
the same treatment fails to eliminate all tumor cells. Taken together, our computational
results suggest that the combination therapy of CAR-T cells and OVs seems unlikely to
be effective if the OV is specifically engineered to synergize with CAR-T cells against
tumor growth.

A multiscale computational model of nanoparticles delivered mRNA
vaccine for cancer immunotherapy
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Cancer is a complex systems problem that involves tumor cells and their microenvironment.
Recent research shows that engineered nanomedicine is playing an important role in
cancer treatments ([1]). For example, mRNA vaccine-loaded lipid nanoparticles has shown
promising opportunities for cancer immunotherapies due to its high potency, capacity for
rapid development, production with potential low costs and safe administration ([2,3]).
Mathematical modeling of nanoparticles (NPs)-carried anti-cancer agents for cancer
treatment can be used to explore NP, cell, tissue, and anti-cancer agents response
parameters for a growing tumor, allowing for designers to see the impact of their design
choices. Particularly, multicellular modeling is beneficial for investigating the dynamics of
anti-cancer agents release, activation of immune system, immune cell migration along
special signaling or cytokines, and tumor-immune cell interactions in spatial scales.

In this work, we propose a multicellular agent-based model (with PhysiCell [4]) of mRNA
vaccine-loaded lipid nanoparticles (LNPs) for cancer immunotherapy. The model is
extended by a developed cancer nanotherapy (chemo-) model ([5]) and multiscale model
of SARS-CoV-2 ([6]). The nano-immunotherapy model is used to perform explorations of
activation and immune response through exploring tumor cell growth, LNP-dendritic cell
interactions (LNP binding dynamics, intracellular mRNA message translation dynamics),
activation of immune systems (recruitment of CD8+ T cells, CD4+ T cells and antibodies),
and interactions between CD8+ T cells, antibodies, and tumor cells. The model of this work
can be run on a cloud-hosted platform at: https://nanohub.org/resources/mrnatumor.
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Identifying crosstalk between Epithelial-Mesenchymal Transition (EMT)
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The majority of cancer-related deaths are caused due to metastasis. Tumor dormancy
plays a key role in enabling metastatic relapse [1,2]. These tumor cells circulate in
the initial disease stages and lag the tumor initiation by prevailing at distal sites of the
microenvironment for a long duration stretching from months to years, eventually leading
to metastatic reemergence and growth of the micro-metastatic lesions [3]. Our current
diagnostic systems are largely inefficient in detecting the dormant cancer cells (DCCs)
that can evade immune surveillance and chemotherapy [4]. However, the underlying
mechanisms by which DCCs survive and later proliferate are poorly understood. Here,
we have investigated the role of EMT (Epithelial-Mesenchymal Transition) in DCCs,
interrogating whether DCCs are more epithelial or mesenchymal with respect to the primary
tumor or circulating tumor cells (CTCs), and how does their EMT status correspond to
their cell cycle status. Specifically, we asked how the hybrid E/M state(s) can influence
switching between the latent and active states of DCCs. Our results reveal differences
and heterogeneity in EMT seen in DCCs and identify biological pathways specific to the
latency of DCCs. Our findings will uncover the hidden links between the DCCs and EMT,
thus enabling better strategies to target tumor dormancy.
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Cancer cells are phenotypically diverse, plastic, and can reversibly switch their phenotypes
in response to dynamically changing environments. This phenotypic diversity and its
plasticity grants cancer cells a survival advantage, enabling them to hedge a bet and dy-
namically cope with fast varying external hazards without the need of genetic modifications.
Therapeutic intervention inflicts unwanted stress to tumor cells and induces phenotypic
switching of tumor cells into therapy-resistant phenotype. This non-genetic, dynamic,
and environmental stress-induced phenotype switching of cancer cells are hypothesized to
be partly responsible for resistance to therapy and tumor recurrence. We consider a linear
differential equation model of the stress-induced switching between two tumor phenotypes,
sensitive/growing and tolerant/quiescent phenotypes, undergoing a cyclic intermittent
therapy, i.e., the multiple repetition of stressful therapy and stress-free/rest period. In
the first part of the paper, we limit ourselves to this most simplified model to derive the
tumor size reduction criterion and to prove two theorems stating two different limiting
behaviors of tumor size under two therapy strategies, one with a fixed sensitive tumor
size and another with a fixed tolerant tumor size at a designated midpoint of each cyclic
therapy. The former strategy is described by an iterated map and leads to the finite-valued
tumor size as a stable and fixed point of the iterated map. The latter strategy utilizes the
maximal tumor size reduction after each cycle and yields an asymptotically diminishing
tumor size as the number of cycles becomes large. In the second part of the paper,
we go beyond the simplest model and study the effects of the non-zero and nonlinear
growth rate of of tolerant phenotype , that takes into account the intratumoral resource
competition between sensitive and tolerant tumor phenotypes, on the tumor reduction
criterion. The non-zero growth rate of tolerant phenotype makes the tumor reduction
criterion hard to be met whereas intramural competition provides an additional suppression
to the growth of tolerant phenotype , making the tumor size reduction criterion easy to
be satisfied. Finally, we propose a clinically feasible cyclic intermittent therapy scheme
that can maximally reduce the tumor size.

Characterizing cytotoxic therapy induced shifts in the cost-to-benefit
ratio of high ploidy

Noemi Andor [noemi.andor@moffitt.org]

Integrated Mathematical Oncology, Moffitt Cancer Center, Tampa, USA

Analyses of intratumor heterogeneity across multiple cancer types suggest that tumor cell
fitness declines once aneuploidy exceeds a certain limit [1-3]. A significant difference in
outcome between tumors above and below the limit however is only evident among therapy-
naïve patients, not among patients who subsequently underwent cytotoxic therapy1. Our
hypothesis is that the context-dependent ambivalence of high ploidy is what accounts
for both of these observations. On one hand, high ploidy ameliorates the deleterious
effects of missegregation-induced genome-dosage imbalances, on the other hand a high
ploidy cell has higher energetic demands as it has to replicate and express more genetic
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material. We performed a series of in-vitro and in-silico experiments to quantify both, (i)
the costs and (ii) benefits of high ploidy. We developed and used mathematical models
to predict differences in S phase duration between high and low ploidy cells (i), and
to evaluate the possibility of mis-segregation induced population extinction (ii). Model
predictions include critical curves that separate viable from non-viable populations as
a function of their turnover- and mis-segregation rates. Missegregation- and turnover
rates estimated for nine cancer types are then compared to these predictions for various
biological assumptions.

For (i), we evaluated three key building blocks of dNTP synthesis –PO4, O2 and Glucose–
as candidate cell-extrinsic resources that cap ploidy in Glioblastoma and stomach cancers.
We predict that at limiting dNTP concentrations, high-ploidy cells will take longer to
replicate their DNA than low-ploidy cells. In-vitro experiments support these predictions
showing that PO4 depletion imposes a higher fitness cost on near-tetraploid than on
near-diploid breast cancer cells. For (ii), the majority of tumors across all nine cancer types
had missegregation- and turnover rates that were within viable regions of the parameter
space. When a dependency of mis-segregation rate on ploidy was introduced, ploidy
states associated with low mis-segregation rates rendered MIE impossible at low turnover
rates. Exposing a heterogeneous stomach cancer cell line to the microtubule-targeting
drug Vinblastine confirmed that the high ploidy subpopulation had a fitness advantage.

If our hypothesis is true, the implications are broad. It would explain vast differences
in the extent of inter-tumor karyotype heterogeneity. It may contribute to explain why
agents that block dNTP production work well in combination with DNA damaging agents.
It would also explain differences in ploidy across different primary and metastatic sites. As
solid tumors progress, resources in the tumor microenvironment become scarcer than the
resources available in normal surrounding tissues. These resource-poor environments may
push high-ploidy cells to leave the primary tumor into circulation and thrive at locations
with abundant access to nutrients. Understanding the resource cost of high ploidy can help
uncover its therapeutic vulnerabilities across tissue sites with versatile energy supplies.
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T cell kill of tumor cells is believed to be one of the most important anti-tumor immune
responses. CAR-T cell and other therapies introduce antigen-specific effector T cells
into the body to enhance the response. Understanding the mechanisms of T cell anti-
tumor action is therefore important. The primary mechanism is generally said to be
contact-dependent cell kill by CD8+ effector T cells, through either the perforin-granzyme
or FasL pathways. Mathematical models in the literature have generally been based
on assumptions of contact-dependent kill. However, measured effector CD8+ T cell
densities in tumors are very low, making it difficult to explain observations that these
densities correlate with better outcome. Here, in vitro data on cell kill of tumor cells
by antigen-specific T cells (Budhu et al 2010) is analyzed by mathematical modeling
to compare an existing contact cell kill model (Robertson-Tessi 2012) with a proposed
diffusible factor cell kill model. It is found that only the diffusible factor model can describe
the data well. The likely candidate for the diffusible factor is IFN-gamma in combination
with TNF-alpha. Both are produced by T cells. Further mathematical modeling of cellular
pharmacodynamics of these agents in combination is performed to show that at realistic
concentration levels in tumors, they can produce enough synergistic cell kill to explain
the Budhu et al data. The conclusion that contact-dependent cell kill is dominant was
reached by Kaegi et al 1994 based on their experiments showing that knockout of both
the perforin/granzyme and FasL pathways eliminated nearly all T cell killing. Here, a
reconciliation of these experiments with a dominant diffusible factor kill mechanism is
proposed: A small amount of contact-dependent cell kill is needed to initiate the activation
process of T cells secreting IFN-gamma and TNF-alpha. Once this has occurred, the
secreted IFN-gamma causes a positive feedback loop activating more T cells, with kill
by IFN-gamma and TNF-alpha diffusing throughout the tumor becoming quantitatively
dominant over contact-dependent kill. This direct cell kill includes bystander kill of tumor
cells not expressing the antigen that the T cells have specificity for. In conclusion, it
is proposed that modeling of immune inhibition of tumor growth should include kill by
diffusible factors.

References
[1] Kägi D. et al (1994) Science 265:528-530 Fas and Perforin Pathways as Major
Mechanisms of T Cell-Mediated Cytotoxicity
[2] Robertson-Tessi, M., El-Kareh, A. and Goriely, A. (2012) A Mathematical Model of
Tumor-Immune Interactions. Journal of Theoretical Biology, 294, 56-73.
[3] S. Budhu et al (2010) J Exp Med 207(1):223–235.CD8+ T cell concentration
determines their efficiency in killing cognate antigen–expressing syngeneic mammalian
cells in vitro and in mouse tissues

Predicting personalized treatment response in non-small cell lung can-
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Introduction: Lung cancer is responsible for 12% of new cancer diagnoses and 22% of
cancer deaths. Non-small cell lung cancer (NSCLC) accounts for 80–85% of all lung cancer
incidents[1]. Common treatment approaches include immunotherapy (atezolizumab) and
chemotherapy (docetaxel) as monotherapy or combination. Median overall survival (OS)
is bleak, between 15.9 and 16.7 months. Due to heterogeneity in response dynamics,
there is a clinical need to predict patient-specific response from early treatment response
dynamics.

Methods: We developed and calibrated a tumor growth inhibition (TGI) model describing
tumor size dynamics of NSCLC patients (N = 1271) treated with immunotherapy or
chemotherapy across four clinical trials. The developed TGI model is described by two
patient-specific parameters (initial treatment sensitivity and tumor size) and two cohort-
specific parameters (pre-treatment growth rate and rate of evolution of resistance). To
assess prognostic ability, the model was calibrated to early measurement data and used to
predict future measurements. Predictive power was evaluated using mean absolute error
(MAE).

Results: The TGI model replicated tumor size dynamics represented by the patient
datasets well (median R2 = 0.97) and accurately predicted tumor size dynamics of
patients who had initial regression and subsequent progression of tumor burden (median
MAE=2.42mm). Initial treatment sensitivity parameter distributions among the OAK
and POPLAR studies further validate the original findings that atezolizumab yields better
response than docetaxel (p=0.0293 and p<0.0001, respectively)[2−3]. Likewise, statistical
significance can be seen in varying clinical presentations in the BIRCH and FIR studies
(p<0.0001 and p=0.0002, respectively).

Conclusion: Insights gained from mathematical modeling of tumor dynamics allows for
clinicians to predict individual patient response to treatment using longitudinal imaging
studies. The developed TGI model can account for the non-monotonic nature of response
seen among the data and establishes a foundation for predictive performance.
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The role that Neutrophils, the most abundant immune cell in bone, have in the progression
of bone metastatic prostate cancer (BM-PCa) is currently unknown. While it is known
that neutrophils are a key component of the innate immune system, the mechanism
of interactions with disease are currently being investigated. In this work, we propose
that many of these individual findings can be integrated via computational modelling to
give us an insight into the dynamics of the disease interaction. The current standard
immunotherapy for the disease shows promising results for patients with BM-PCa in
the early stages, which suggests that PCa growth in bone contributes to response to
immunotherapy [1]. Recent findings show that PCa stimulates recruitment of neutrophils,
that neutrophils heavily infiltrate regions of prostate tumor in bone of BM-PCa patients,
and that neutrophil-mediated PCa killing is mediated by suppression of STAT5 [2]. In-
corporating these findings into an Agent-Based model, we are able to recapitulate the
experimental results and propose a role for TGFB receptors on Neutrophils as a further
mediator for cytotoxicity in BM-PCa. These results model can be used to highlight any
gaps in our understanding and investigate potential new avenues of research.
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The diversity in cellular phenotypes manifesting as inter-patient and intra-tumoral hetero-
geneity in melanoma is one of the leading causes of failure of targeted therapy to achieve
disease clearance[1][2]. Heterogeneous cellular pathways lead to a myriad of mechanisms
that can contribute to tumor cell survival under stress conditions[3]. Of the leading
causes of heterogeneity, melanoma cells mainly vary in their migratory and stem-like
characteristics. Melanoma cells exhibit cellular phenotypes ranging from a “proliferative”
to an “invasive” state, contributing to heterogeneity during disease progression[4][5].
Understanding how gene regulatory networks result in such heterogeneous cell states is
central to the rational design of targeted therapy regimens in a clinical setting. We use
a combination of literature-derived regulatory relations and publicly available single-cell
RNA-Seq datasets to mathematically model and validate the various cell states seen in
melanoma. Our analysis shows how cellular phenotypes can emerge due to interactions
of master regulators which further allow for plasticity between the observed cellular
phenotypes in melanoma. The multistable nature of gene regulatory networks allows
cellular states to be capable of spontaneous and signal-induced switching. We also show
that the observed cell states display varying levels of immune-suppressive capabilities and
can result in heterogeneous outcomes to therapies. Using publicly available single-cell
transcriptomic profiles, we validate the existence of simulated cell states and their cor-
responding putative immune suppression properties. Our analysis leverages single-cell
transcriptomes of melanoma cells to characterize relevant cellular states, providing mech-
anistic details underlying these cells and their resultant phenotypic outcomes regarding
their immune-suppressive capabilities.
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Cancer metastasis accounts for nearly 90% of cancer-related deaths [1]. Epithelial to
Mesenchymal Transition (EMT) of cancer cells is key to the process of metastasis [2].
Recent preclinical and clinical data suggest that hybrid E/M cell states harbor the highest
metastatic fitness instead of the fully mesenchymal cells [3,4]. However, the mechanistic
details of their survival strategies during metastasis remain unclear. We build, model,
and validate the dynamics of a minimalistic gene regulatory network (GRN) between
regulators of EMT and PD-L1, a known immune suppressor using publicly available
bulk and single-cell datasets [5]. We show that hybrid E/M states are highly likely to
exhibit high PD-L1 levels, like those seen in mesenchymal cells, thus preventing the need
to undergo a complete EMT to cause immunosuppression. We show that the switch
from an epithelial/low-PDL1 state to a hybrid/mesenchymal state with high-PDL1 is
reversible. We also demonstrate that acquiring phenotypic resistance to targeted therapy
like tamoxifen [6] can co-occur with high PD-L1 levels, enabling cross-resistance and
enhancing breast cancer cell fitness during metastasis. We validate our model predictions
by extensive analysis of transcriptomic datasets across multiple cancers at both bulk and
single-cell levels. From the analysis of single-cell datasets across various cell lines and
patient-derived tumor cells, we show that hybrid EM cells are more likely to express PD-L1
than their epithelial counterparts. Furthermore, we show that PD-L1 expression is more
likely in cases of hybrid cells with high levels of ZEB1, a potent mesenchymal transcription
factor, compared to hybrid cells without ZEB1 expression via simulations and single-cell
transcriptomic data. Our results highlight how the emergent dynamics of interconnected
GRNs can coordinate various axes of cellular fitness during metastasis, thus laying the
foundation for the rational design of clinical therapies.
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The diversity in cellular phenotypes manifesting as inter-patient and intra-tumoral hetero-
geneity in melanoma is one of the leading causes of failure of targeted therapy to achieve
disease clearance[1][2]. Heterogeneous cellular pathways lead to a myriad of mechanisms
that can contribute to tumor cell survival under stress conditions[3]. Of the leading
causes of heterogeneity, melanoma cells mainly vary in their migratory and stem-like
characteristics. Melanoma cells exhibit cellular phenotypes ranging from a “proliferative”
to an “invasive” state, contributing to heterogeneity during disease progression[4][5].
Understanding how gene regulatory networks result in such heterogeneous cell states is
central to the rational design of targeted therapy regimens in a clinical setting. We use
a combination of literature-derived regulatory relations and publicly available single-cell
RNA-Seq datasets to mathematically model and validate the various cell states seen in
melanoma. Our analysis shows how cellular phenotypes can emerge due to interactions
of master regulators which further allow for plasticity between the observed cellular
phenotypes in melanoma. The multistable nature of gene regulatory networks allows
cellular states to be capable of spontaneous and signal-induced switching. We also show
that the observed cell states display varying levels of immune-suppressive capabilities and
can result in heterogeneous outcomes to therapies. Using publicly available single-cell
transcriptomic profiles, we validate the existence of simulated cell states and their cor-
responding putative immune suppression properties. Our analysis leverages single-cell
transcriptomes of melanoma cells to characterize relevant cellular states, providing mech-
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anistic details underlying these cells and their resultant phenotypic outcomes regarding
their immune-suppressive capabilities.
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Obstructive sleep apnea (OSA) patients suffer from a repetitive partial or complete closure
of the pharyngeal lumen due to reversible soft tissue deformations during sleep. Detailed
information on the velocity-pressure distribution in a patient’s pharynx can lead to a better
understanding of the pathophysiological flow phenomena and serve as a base for the
optimization of patient individual therapy planning. Whereas the access for measurement
setups within an individual’s pharynx is very limited, in silico simulations in the area of
computational fluid dynamics based on digital anthropomorphic phantoms can give an
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insight into the physiology [1].

For this purpose patient individual phantoms can be extracted from tomographic CT or
MR images. But, the correct representation of the complex structure of the nasal cavity
in the numerical flow computation is a challenging and resource consuming task. Then
again the flow field of the nasal cavity with its rigid walls is not of much interest for the
interpretation of OSA related airway collapsibility and is therefore sometimes omitted in
computational fluid dynamics examinations of OSA patients [2, 3].

Within this study a method is proposed, that splits the computational domain of a
patient’s individual upper airway into a nasal cavity part and the pharyngeal part by a
transversal cut. The nasal cavity is treated with a computational fluid dynamics model,
called the shear-stress transport model (SST), that is less computational expensive to the
disadvantage of its accuracy. The computation of the nasal flow field is then used as inlet
boundary condition for the simulation in the pharyngeal domain, which is treated with
a high accuracy fluid dynamics model, called large eddy simulation (LES). Concerning
the laminar to turbulent transitional regime of pharyngeal flow, turbulent fluctuations
arising in the nasal cavity have to be incorporated in a dynamical inlet boundary condition.
Therefore the usage of a method creating divergence free eddies at the inlet [4] was
tested and successfully adapted for this application.

A comparison of the resulting flow field against a pharyngeal flow simulation without
a-priori data of the flow within the nasal cavity shows the importance of incorporating
correct inlet boundary conditions.
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One of the big themes in algebraic reaction network theory is the attempt to understand
the qualitative properties of the steady states of a network under the assumption of mass
action kinetics. Examples of such properties include stability, absolute concentration
robustness and multistationarity. Some of these properties are easier to study when
the positive steady state variety is known to be toric, in the sense that it admits a
monomial parameterization, and it is therefore desirable to find criteria for when such
parameterizations exist.

Previous work in this direction has focused on deficiency theory, binomiality of the steady
state ideal, and quantifier elimination methods. With this poster, I will present new
conditions for asserting and precluding toricity, based on the polyhedral geometry of the
flux cone, as well as previously known results on injectivity of monomial maps restricted
to linear subspaces. These conditions allow us to quickly deduce information about
the potential for toricity and multistationarity for moderately sized networks, which we
demonstrate by testing our methods on networks from the database ODEbase.
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The kidney autoregulates its blood flow, to counteract natural fluctuations in arterial blood
pressure and facilitate optimal reabsorption of water and solutes from the renal tubule back
into the plasma. One essential mechanism in renal responses to blood pressure changes is
the tubuloglomerular feedback (TGF) in the nephron, resulting in sustained oscillations in
glomerular filtration and tubular fluid flow, with a characteristic period of 30-45 seconds
[1, 2]. Recent studies revealed prominent molecular differences between male and female
kidneys in the rodents, particularly among cells in the proximal tubules, where over
70% of NaCl and water reabsorption occur [3, 4]. It remains elusive how the observed
sex differences would affect TGF dynamics and renal physiology [5], and how these
molecular differences might relate to known sex differences in susceptibilities to kidney
diseases and hypertension. In this study, we propose a low-dimensional mathematical
model of the TGF system, which recapitulates the oscillatory patterns of tubular fluid
flow in the nephron. Bifurcation analysis reveals how the oscillatory states depends on
key physiological parameters of the model, on which sex differences operate. Multiscale
modeling highlights the importance of solute transporter regulation and cellular metabolism
in mediating sex-specific renal function, also providing evidence for the potential coupling
of ATP production and TGF dynamics. Furthermore, extension of the mathematical
model to the organ level allows for a holistic understanding of the link between the
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observed molecular differences and system physiology.
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Models in the biological and environmental sciences typically have many free input pa-
rameters [1]. Calibration of these parameters often requires empirical data, sometimes
costly or simply impossible to obtain, which introduces epistemic uncertainty into the
model. However, very often only a small subset of parameters in a system has a significant
influence on the system output [2]. As such, it can be extremely beneficial to perform
sensitivity analysis (SA) to identify unimportant parameters, so that they may be set to a
fixed value, and to identify the most important inputs, so that every effort can be made
to reduce uncertainty in this group. This can greatly decrease dimensionality of the model
parameter space, while increasing trust in the model.

The Elementary Effects method (EE) [3] is a simple and computationally efficient global
screening approach. EE is designed to identify the group of (non-)influential parameters
and can produce a qualitative ranking of parameter importance. In this work we present
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a description of EE based on recent advances in the field. Special attention is paid to
applying EE to models with dimensional inputs, inputs of different type (double, integer,
Boolean) or inputs with arbitrary input ranges, in which case scaling the elementary effects
in an appropriate way is essential [4].

Subsequently we demonstrate the importance of sensitivity analysis by applying our
formulation of EE to a functional-structural plant model (FSPM) modelling maize. FSPMs
model both the underlying physiological processes and the plant architecture explicitly,
making them well suited for simulating spatially complex mixed cropping systems [5]. As
such FSPMs can be used to address questions related to food security, climate change
mitigation and sustainable intensification. However, a significant drawback of FSPMs is
the typically high number of parameters (∼ 100). As FSPMs can have a long runtime,
model exploration is computationally taxing. Screening for (un)important parameters can
alleviate this issue, but as far as we are aware, SA is not yet a standard practice in this
field. Nevertheless, performing SA would be a valuable addition to the modelling process;
our results suggest that out of the 52 input parameters taken into account, yield is only
significantly sensitive to 12 of these (including both plant-specific and environmental
parameters), while 35 were classed as unimportant.
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Vascularisation of engineered tissues is essential to ensure sufficient nutrient supply once
implanted in vivo [1]. Prevascularisation of the engineered tissue by seeding with endothelial
cells (ECs), which can form capillary-like structures in vitro and anastomose with host
vasculature upon implantation, is a promising method to accelerate vascularisation [1].

Based on a balance of chemical and mechanical cues, the mechanisms involved in EC
network formation can be explored computationally with use of mechanistic mathematical
models [2]. Here, we adopt a multiphase model framework to develop a suitable model
of in vitro vascular network formation, and investigate the impact of culture conditions
including ambient oxygen level on the formation of EC networks. We focus on the
dynamics of vascular endothelial growth factor (VEGF), produced by ECs under low
oxygen that guides EC migration and promotes vascular network formation [1].

Methods and Results

A multiphase model, consisting of a set of 8 coupled PDEs, is used to describe the temporal
and spatial development of the cell distribution, oxygen and VEGF concentrations within
a cylindrical hydrogel. The flexible model framework integrates global features such as
construct geometry and environmental conditions, with intercellular mechanisms that
lead to network formation [2, 3]. Mechanisms include autologous chemotaxis, oxygen-
dependent VEGF production, and cell-matrix interactions mediated by cell traction and
matrix properties.

A 2D axisymmetric model is implemented computationally in Python, allowing utilisation
of computational techniques including sensitivity analysis and parameter optimisation. A
methodical aproach is taken to identify the minimum model requirements for capillary-like
structures to form in silico. Increased model complexity, including VEGF-matrix binding,
is informed by literature and motivated by matching qualitative and quantitative in vitro
data. Finally, data from tailored in vitro experiments is used to parameterise and inform
the functional form of oxygen-dependent VEGF production.

Discussion

This flexible computational multiphase model allows investigation of the role played by a
range of experimental conditions in vascular network formation within a 3D construct,
including hypoxia which has increasingly recognised significance [1, 4]. It is hoped that
simulation predictions, validated by further data, will aid and inform the culture methods
of prevascularised engineered tissues for clinical use.
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Invasive species are one of the key issues threatening the environment and agriculture
throughout the world. Plant pest and disease outbreaks seriously affect countries in Asia
and Africa. The pests need to be detected early so that proper treatment can be applied.
However, the lack of proper monitoring is one of the leading problems in these countries
where there is little in terms of agricultural advice and support and where areas to cover
are often large and inaccessible. However, many farmers are getting access to modern
technology in the form of smartphones which use has rapidly increased in the last few
years. This creates an opportunity for introducing novel detection methods based on the
artificial intelligence (AI) technology. The new technologies also create a challenge of
analysing and interpreting large data sets provided in such a way. Several such systems
exist and have been widely used in countries like India. PEAT GmbH has successfully
implemented an android AI application in the Plantix app to provide a method to quickly
detect plant health risks in the field. Farmers take pictures of the crop damage or the
pest and submit them to the server. Neural network is used to analyse the image and
to identify the problem, or suggest that the crop is healthy. In India, the fall armyworm
(FAW, Spodoptera frugiperda), an invasive insect pest from the Americas, is causing
massive losses to the agriculture in general and maize industry since 2018. The Plantix
app has been used to detect the FAW in 2018 and 2019 seasons, resulting in 138,351
data points with time, location and a “similarity” index which quantifies the accuracy of
detection. We analysed the data in order to provide a classification into “true” and “false”
positives. Although Plantix app carries out expert verification of the results, no “golden
standard” is available and therefore such classification must be carried out on the basis of
internal evidence. We found that the distribution of similarity index is bimodal in all cases,
particularly pronounced when the top pest is identified as FAW. Subsequently we fitted a
bi-normal mixture model and interpreted the two peaks as representing “true” and “false”
readings, for FAW (“positive”) and healthy (“negative”) crop, respectively. Thus, although
“false negatives” are highly important, we also need to discount “false positives” which
would cause false alarms and hence lower the reliability of the prediction. A comparison of
the odds calculation based on the model to the time series based on raw readings showed
that while the invasion started earlier in 2018 than officially noted, the actual progress only
happened later in the growing season. The data also allowed us to distinguish between
the South where the invasion was earlier and the North where it was delayed, but was
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subsequently more severe. The data can subsequently be linked to a crop presence and
absence and hence to estimate and predict the severity of the FAW outbreaks.

Methods Development

A global method for simulating intracellular signaling reduces compu-
tational time in multiscale agent-based models with systems biology
applications

Daniel R. Bergman, Trachette L. Jackson [bergmand@umich.edu]

University of Michigan, USA

Systems biology often requires integrating data and information across spatio-temporal
scales to gain a deeper, more robust understanding of the integrative functions of living
systems. Agent-based models (ABMs) are a natural platform for capturing the multiple
time and spatial scales associated with biological processes because they model each cell
as an individual agent, allowing for the characterization of tissue heterogeneity that better
reflects the complexity seen in living systems. However, a significant limitation of these
models is that they can be computationally expensive, especially when they include the
molecular level details of cell signaling or targeted therapeutics. The traditional approach
to simulating this type of multiscale ABM is to solve a system of ordinary differential
equations (ODEs) for each cell to update the molecular level dynamics. This scales
linearly with the number of agents modeled and can significantly add to the computational
complexity of these simulations, which contributes to many ABMs being limited to around
105 cells. We propose an approach that reduces the time complexity for solving these
equations from O(N) to O(1) where N is the number of agents. Thus, models for which
much of the wall time is spent solving these reaction equations, the entire simulation can
be orders of magnitude faster. This allows for more thorough explorations of ABMs with
even larger numbers of agents than previously achievable. We use two model systems
to demonstrate two implementations of the method and how it strongly agrees with
the traditional approach in a variety of metrics, both micro- and macroscopic. We then
consider other microenvironment features commonly of interest to modelers, particularly
in cancer research, such as hypoxia resulting in a necrotic core, intercellular signaling
between T cells and tumor cells, and aberrant vasculature. We finally discuss the possibility
of adaptively implementing the global method as the simulated tissue grows and changes.
While we use cancer as an illustrative example, our new computational strategy for
simulation of multiscale ABMs can easily be applied to a wide range of basic biology and
translational systems biology investigations.
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Estimates of hyperthermic temperature and duration time due to
magnetic nanoparticle delivery and heat transport in vascularised tu-
mours

Tahani Al Sariri, Raimondo Penta, Radostin Simitev [t.al-
sariri.1@research.gla.ac.uk]
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We derive a new system of homogenised partial differential equations (PDEs) describing
blood transport, delivery of nanoparticles, and heat transport and solve it by finite elements
to investigate cancer hyperthermia driven by the application of the magnetic field applied
to Iron oxide nanoparticles. We assumed that the particles which are injected into the
vessels of the tumour are larger than the vessels pores and cannot extravasate to the
tumour interstitial space. However, the blood and heat can be exchanged between
the two compartments. We used asymptotic homogenization to derive a new effective
model which provides a link between the macroscale behaviour of the system and the
underlying microstructure. The new model comprises a double Darcy’s law, coupled
with double advection-diffusion-reaction system of PDEs describing heat transport, and
advection-diffusion-reaction equation for particles transport and adhesion. The role of
the micro-structure is encoded in the coefficients of the model which are to be computed
solving appropriate periodic problems. We study the influence of vessels’ geometry on the
tumour temperature maps as microvasculature is more tortuous than the healthy one and
therefore suboptimal in terms of fluid and drug transport [2]. The temperature be above
a given target (42◦C in our case) to destroy cancer cells but for a limited time interval
(from 30 minutes to 2 hours in our investigation) to avoid overheating and damaging
the surrounding healthy tissue. We determine the best magnetic intensity, injection
time, wall shear rate, and concentration of nanoparticles to achieve the above-mentioned
conditions.
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Time-multiplexed shared ventilation replicates dynamic adjustment
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The COVID-19 pandemic has revealed significant limitations in the global healthcare
system’s ability to supply mechanical ventilation to critically ill patients during unexpected
surges in demand. This sparked the development of medical devices that can ventilate
multiple patients with a single ventilator. We have developed a novel ventilation device
that leverages a time-multiplexing approach to temporally split the breaths delivered by
a ventilator and modulate their characteristics to provide quantitative, patient-specific,
inspiratory pressures and tidal volumes. Unlike other ventilation-splitting devices, our
device enables delivery of specific numerical inspiratory pressures and monitoring of each
patient’s inhalation and exhalation dynamics. A computational fluidic simulation and
experimental data of the device were used to determine a calibration curve for inducing
quantitative patient-specific flow resistances via electromechanically coupled ball valves.
Test lungs of varying compliance were then co-ventilated with the device to analyze the
consistency of the tidal volumes delivered compared to independently ventilated test lungs
with identical ventilation parameters. The ability of the device to dynamically adjust
pressure settings independently of the other was also examined. The ventilation meditated
by the device was quantitatively analyzed for accuracy, precision, and consistency in
producing specific inspiratory pressures and tidal volumes. The device demonstrated its
unique ability to provide quantitative, safe, ventilation adjustments to multiple patients
and closely imitates the dynamic adjustment ability of independent ventilation.
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Zoonoses are infectious diseases naturally transmitted between humans and wild or
domestic animals [1]. They account for approximately 60% of all human infectious
diseases, making them a severe public health problem [2]. Some zoonoses can cause
outbreaks, such as salmonellosis and Ebola virus diseases, while others, such as COVID-19,
can cause global pandemics [3]. Several researchers have suggested the importance of
the One Health approach in addressing zoonotic diseases [4]. This approach encourages
the integrated study of human, animal, and environmental health [5]. Therefore, the
analysis of reservoir dynamics in a community context is fundamental in searching for
mechanisms to prevent pathogen transmission [6]. In particular, the decrease or increase
in biodiversity modifies the competition or trophic relationships that regulate populations,
which may imply a change in the reservoirs and, therefore, a change in the dynamics
of the disease [7]. The relationship between zoonotic diseases and biodiversity can be
generalized with the dilution effect or the amplification effect. The dilution effect occurs
when increased species richness reduces disease prevalence. The amplification effect
occurs when an increase in diversity causes an increase in disease prevalence [8].

The prevalence of a host disease can be modified by the presence or absence of other
species [9]. Theoretical studies show that increasing host biodiversity reduces disease
(dilution) or increases disease (amplification) depending on the interspecific competition
for resources [10]. So, a mechanistic approach to competition is appropriate because of
the variety of patterns it can predict. The classical Lotka-Volterra model of competition
has played an important role in theoretical ecology [11]. Thus, taking the Lotka-Volterra
model as a basis for the study of disease prevalence may be advantageous because of the
conclusions obtained from this model. The model allows us to determine the competitive
effect of one species on the population growth of the other [12]. Therefore, what happens
to the competitive dynamics if one of the competing species is a reservoir? To determine
the answer, we use a Lotka-Volterra competition system in which one species is subject
to disease, resulting in an eco-epidemiological model.

In addition, considering the above, we know that environmental changes such as fragmen-
tation are related to species richness and therefore are related to the effect of dilution
and amplification [13]. Fragmentation may modify the trophic relationships that regu-
late populations, implying a potential increase in hosts [14]. A characteristic feature of
fragmentation is the presence of small patches of forest that are immersed in croplands,
pastures, or human settlements, known as matrix. The interaction between patches
and the adjacent matrix is defined as the edge effect, which generally modifies abiotic
conditions, species distribution, and abundance [15]. Therefore, we have implicitly included
the edge effect in the mathematical modeling to prove that the edge effect associated with
complex patch geometry and spatial heterogeneity, originated by habitat fragmentation,
increases the amplification phenomenon in eco-epidemiological dynamics generating higher
zoonotic risk.
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From palm vein modeling to human biometric recognition
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The hands are the part of the body with the most complex coordination movements.
They are often required to adopt different positions while grasping an object or applying
pressure. The palms have unique characteristics, among which stand out a large number
of nerve endings and their resistance to daily use, making them a combination of sensitivity
and hardness at the same time [1]. Because of this, their vascular supply is composed
of an extensive network of branched and anastomosed arteries (veins) that ensure their
tissues’ nutrition. The study of the palm’s vascular structure has allowed the development
of flaps, which are intended to solve problems associated with damage or disease of the
palm [2-4]. However, these vascular structures are also unique to each person. Through
non-invasive acquisition processes using infrared illumination, a new application has been
given to the palm veins, biometric recognition [5].

Palm vein biometrics is a high-security technology that uses palm vascular patterns for
person recognition. However, problems arise in database acquisition regarding time,
security, and cost, which have posed challenges to exploring this technology for large-scale
applications [6-9]. In this work, a geometric model of palm vascular structures is developed
by considering parameters associated with anatomy, thereby aiming to construct large-
scale synthetic image databases of palm veins to evaluate the reliability and scalability
of biometric recognition algorithms. In this sense, the advancement of the respective
processing technologies is favored while preserving the security of the users and proving
to be low-cost.

The geometric modeling proposed in this work uses specific points of the palmar vascular
network, such as bifurcation points and terminal points. The network is constructed
using cardinal splines derived from Hermite’s cubic splines [10]; these are typically used
to interpolate numerical data to obtain a smooth continuous function. The next step
for network simulation involves an optimization process inherent to biological transport
networks. We mainly consider Murray’s law that relates the network diameters to their
respective branches. Murray’s law provides realistic features to the vascular structure
since it allows assigning different calipers to the blood vessels using scaling laws associated
with the structure and function [11].
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In this study, we build minimal and quantitative mathematical models of fatty acid (FA)
uptake by intestinal absorptive cells called enterocytes. Besides, we compare observed
dose-response curves of intestinal FA uptake to simulated dose-responses. We aim at
testing, using mathematical modeling and data fitting, whether observed dose-response
curves of intestinal FA uptake are compatible with the pathway suggested by the literature
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on the intestine. Altogether, we aim at better characterizing intestinal FA uptake by
enterocytes.

Fatty acids represent a source of energy for cells. Yet, depending on the cell type one
considers, FA trafficking differs. Thus, while most cells absorb fatty acids only from the
plasma, enterocytes are able to absorb from both the plasma (circulating FA) and the
lumen of the intestine (dietary FA). As the important role of enterocytes is to absorb
dietary nutrients for the body, FA uptake from the intestinal lumen outstands by far FA
uptake from the plasma. Hence, we will focus on the uptake of dietary long chain-fatty
acids (LCFA) by enterocytes from the intestinal lumen. This step is usually reviewed as
being composed of passive diffusion along with a carrier-mediated pathway. However, the
relative quantitative contribution of these mechanisms to intestinal FA uptake remains
unclear.

We propose four quantitative minimal models to study the molecular mechanisms of
intestinal FA uptake. Uptake of FA by the enterocyte was thus modeled as passive
diffusion across the cell membrane (model M0) combined with a hypothetical enzyme E
that catalyzes either the active transport of FA across the cell membrane (model M1),
or the intracellular transformation of FA into products that cannot diffuse back across
the cell membrane (model M2). Finally, we combined all these mechanisms to build a
last model (M3). Simulated dose-response curves from our models were fitted using a
Bayesian algorithm (FME package, R, MCMC methods) on seven experimental datasets
digitized from the literature (data on rodents and Caco-2 cells). Goodness of fits was
assessed by a Chi-square test.

The analytical study of M0 allowed us to (1) predict the dose-response curve for a wide
range of realistic volumes, (2) observe that the slope of simulated dose-response curves
depends on volumes rather than on membrane permeability and (3) show that even the
highest values cannot produce a high enough uptake response.

Studying models M1 and M2 revealed that the latter (M2) has a much larger uptake
potential than M1 for the same protein parameters.

Moreover, adding a membrane protein (M1) or an enzymatic transformation of FA inside
the cell (M2) enables simulated dose-response curves to get closer to experimental uptake
curves. Even though both M1 and M2 are able to fit the data, M2 passes the goodness
of fit test for more datasets. Regarding M3, it shows good fitting properties as well.

Taken together, our quantitative mathematical modeling suggests that it is more efficient
for the cell to invest in an intracellular enzymatic transformation than in a membrane
carrier. We highlight the role of intracellular metabolism in intestinal FA uptake by
enterocytes.
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COVID-19 infections can display an extremely heterogeneous array of symptoms from a
wide range of categories including respiratory, systemic, gastrointestinal and ‘altered state’
types. Multiple large routine, population representative and app-reported datasets of
community-based PCR-positive cases in the United Kingdom are considered for analysis,
making these as comparable as possible. Hierarchical clustering, Logistic Principal
Component Analysis and Uniform Manifold Approximations (UMAP) are performed on
each of these datasets to identify whether distinct SAR-CoV-2 symptom phenotypes can
be found in community-based cases, and how they can be characterised. Observations
are made across all symptoms, symptom categories and datasets.

Evidence of significant phenotypic diversity is found across the datasets which indicates
clustering of symptoms within cases. For example, respiratory symptoms like rhinitis,
sore throat and sneezing cluster together as expected. Further, certain combinations of
symptoms across categories are also observed to appear together e.g, joint pain, cough
and fever in one of the datasets. The study highlights the occurrence of symptoms other
than those only affecting the respiratory system which formed the initial yardstick of
identifying COVID-19.
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18 Paul Banse ( INRIA Lyon)
19 Burcu Gürbüz ( Johannes Gutenberg-University Mainz)
20 Javad Mohamadichamgavi ( University of Warsaw)
21 Sonja Türpitz ( Friedrich Schiller University Jena)
22 Wolfram Moebius ( University of Exeter)
23 Roberto Cahuantzi ( University of Manchester)
24 Marine Courtois ( INRAE)
25 Emma Louise Davis ( University of Oxford)
26 Melissa Alexis Iacovidou ( University of Warwick)
27 Kat S Rock ( The University of Warwick)
29 Mayte Bonilla Quintana ( University of California, San Diego)
30 Evdokiia Slepukhina ( University of Hohenheim)
31 Florian Franke ( HTW Dresden)
32 Philipp Roßbach ( HTW Dresden)
33 Kairui Li ( Univeristy of St Andrews)
34 Tim Liebisch ( Frankfurt Institute for Advanced Sciences)
35 Koen Adriaan Emeri Keijzer ( Leiden University)
36 Joshua William Moore ( Cardiff University)
37 Nicholas J. Russell ( Max Planck Institute for Plant Breeding Research)
38 Cameron James Gibson ( Sainsbury Laboratory Cambridge University)
39 Rebecca Marie Crossley ( University of Oxford)
40 Daipeng Chen ( Leiden University)

41
Zoë Lange ( Frankfurt Institute for Advanced Studies, Universität Frankfurt am

Main)
42 Daphne Natalie Nesenberend ( Leiden University)
43 Jörn Starruß ( Technische Universität Dresden)
44 Svtetlana Petrenko ( University College of London)
45 Gabriel Rodriguez Maroto ( Max Planck Institute for Plant Breeding Research)
46 Tommaso Ristori ( Eindhoven University of Technology)
47 Yiteng Dang ( Max Planck Institute for the Physics of Complex Systems)
48 Charlotte Lily Manser ( Imperial College London)
49 Andrew L Krause ( Durham University)
50 Jelle van der Voort (Leiden University )

585



Tuesday, DKFZ

1 Louis Headley ( The University of Edinburgh)
2 Tatiana Filatova ( University of Edinburgh)
3 Giuseppe Torrisi ( University of Edinburgh)
4 Atchuta Srinivas Duddu ( Indian Institute of Science)
5 Ushasi Roy ( Indian Institute of Science (IISc), Bangalore, India)
6 Christian Fernández Pérez ( Instituto de Investigaciones Marinas (IIM-CSIC))
7 Magdalena Marin Georgieva ( Heidelberg University)
8 Megan Anne Coomer ( University of Melbourne)
9 Jakob Ruess ( Inria)

10
Gemma Massonis ( Mision Biologica de Galicia (Consejo Superior de

Investigaciones Científicas, CSIC))
11 Tamás Ferenci ( Obuda University)
12 Yoshitaro Tanaka ( Future University Hakodate)
13 Samuel Matthias Fischer ( Osnabrück University)
14 Eunjin Eom ( Korea University)
15 Thibault Malou ( Université Paris-Saclay, INRAE, MaIAGE)
16 Fern Alexandra Hughes ( Imperial College London)
17 Simona Catozzi ( Institut Curie)
18 James Nicholas Walker ( The University of Melbourne)

19
Siluvai Antony Selvan Antony Ravichandran ( The University of Manchester &

The University of Manchester)
20 Marcel Mohr ( Sanofi)
21 Chunyoung Oh ( Chonnam National University)
22 Erika Antonette Tan Enriquez ( University of the Philippines Diliman)
23 Thulasi Jegatheesan ( University of Guelph)
24 Jeremy Worsfold ( The University of Bath)
25 Elena Sabbioni ( Politecnico di Torino)
26 Tara Hameed ( Imperial College London)
27 Daniel Tudor ( University of Edinburgh)
28 Andre Leier ( University of Alabama at Birmingham)
29 Gary Mirams ( University of Nottingham)
30 Mary Ruth Myerscough ( University of Sydney)
31 Fabian Spill ( University of Birmingham)
32 Magnus James Haughey ( Queen Mary University of London)
33 Lea Sta ( University of Leeds)
34 Filip Z. Klawe ( Heidelberg University)
35 James Holehouse ( University of Edinburgh)
36 Fabian Schuhmann ( Carl-von-Ossietzky Universität Oldenburg)
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37 Marc Pereyra ( Frankfurt Institute for Advanced Studies (FIAS))
38 Augustinas Sukys ( The University of Edinburgh / The Alan Turing Institute)
39 Albin Salazar ( École Normale Supérieure / Inria-Paris)
40 Timothy Ostler ( Cardiff University)
41 Veselin Manojlovic ( City, University of London)
42 Domenic Paul Joe Germano ( The University of Melbourne)
43 Jakub Köry ( University of Glasgow)
44 Niklas Kolbe ( RWTH Aachen University)
45 Koji Noshita ( Kyushu University)
46 Elena Sofia D’Ambrosio ( Eidgenössische Technische Hochschule Zürich)
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Tuesday, Mathematikon

1 Abigail Hope Barlow ( The University of Bath)
2 Sara Sottile ( University of Trento)
3 Lucinda Harrison ( The University of Melbourne)

4
Amandine Pepiot ( Institut Pierre Louis d’Epidemiologie et de Santé Publique

(IPLESP))

5
Hetsron Legrace Nyandjo Bamen ( University of Rwanda/ African Institute for

Mathematical Sciences Ghana)
6 Zak Ogi-Gittins ( University of Warwick)
7 Matthew Baister ( University of Strathclyde)
8 Yang Yue ( The University of Melbourne)
9 Maria Alegria Gutierrez ( Cambridge University)
10 Hee-Dae Kwon ( Inha University)
11 Abhishek Senapati ( Center for Advanced Systems Understanding (CASUS))
12 Sofia Jijon ( Institute of ecology and environmental sciences of Paris)
13 Joseph David Bailey ( University of Essex)
14 David Wu ( The University of Auckland)
15 Oscar Björnham ( Swedish Defence Research Agency)
16 Cameron Smith ( University of Bath)
17 Andrei Michel Sontag (University of Bath)

18
Gustavo Hernandez Mejia ( Institute of Epidemiology and Social Medicine,

University of Münster, Germany)
19 Andrew Matthew Bate ( University of Leeds)
20 Jacob Liam Curran-Sebastian ( The University of Manchester)
21 Beryl Musundi ( Technical University of Munich)
22 Xiaoxi Pang ( The University of Manchester)
23 Christopher Overton ( UK Health Security Agency)
24 David W. Dick ( York University)
25 Martyn Fyles ( University of Manchester)
26 Luke Webb ( University of Manchester)
27 Hugo Joseph Lewkowicz ( University of Manchester)
28 Dana Kleimeier ( Institute of Bioinformatics)
29 Istvan Zoltan Reguly ( Pázmány Péter Catholic University)
30 Wasiur KhudaBukhsh ( University of Nottingham)
31 Lorenzo Pellis ( University of Manchester)
32 Martijn Adriaan de Jong ( Leiden University)
33 Baeckkyoung Sung ( KIST Europe)
34 Luca Alasio ( Laboratoire Jacques-Louis Lions, Sorbonne Université)
35 Maria Elena Gonzalez Herrero ( Technische Universität München)
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36 Shan Su ( The University of Auckland)
37 Joshua Forrest ( University of Melbourne)
38 Molly Ann Hawker ( Liverpool John Moores University)
39 Wesley Ridgway ( University of Oxford)
40 Léo Meyer ( Institut Denis Poisson - Université d’Orléans)
41 Tuhin K Roy ( Mayo Clinic)
42 Sofie Bloem Verhees ( Maxwell Institute Graduate School)
43 Kento Nakamura ( The University of Tokyo)
44 Hédi A Soula ( Sorbonne University)
45 Anne-Sophie Giacobbi ( Sorbonne University)
46 Maryla Zajdel (Warsaw University of Technology)
47 Laura Lafuente Gracia ( Katholieke Universiteit Leuven)
48 Sophie Bekisz ( ULiège)
49 Chenxu Zhu ( Universitätsklinikum Aachen)
51 Eva Stadler ( Kirby Institute, University of New South Wales)
52 Thomas James Williams ( University of Melbourne)
53 Laura F. Strube ( Virginia Tech)
54 Daniel Felipe Luque Duque ( Univeristy of Leeds)
55 Sofia Maria Medina ( University of Oxford)
56 Kana Yoshido ( Kyoto University)
57 Shuhei A. Horiguchi ( The University of Tokyo)
58 Tatiana T. Marquez Lago ( University of Alabama at Birmingham)
59 Jacques Bélair ( Université de Montréal)
60 Elisa Scanu ( Queen Mary University of London)
61 Sylvie Vande Velde ( Université libre de Bruxelles)
62 Christian Berrig ( Roskilde Universitet)
63 Beatrice Laroche ( Univ. Paris-Saclay, INRAE)
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