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Zusammenfassung

Kollektive Bewegung ist ein Phénomen, das bei einer Vielzahl von Systemen zu be-
obachten ist, von Zellverbanden iiber Tierschwirme bis hin zum Autoverkehr. Es
beschreibt Systeme ’aktiver Materie’, in denen sich aus eigenem Antrieb bewegende
Einheiten durch Kréfte mit ihren Nachbarn interagieren und dadurch synchronisier-
te Bewegungen erzeugen. In biologischen Systemen ist die koordinierte Bewegung
von Zellen fiir die Organisation des menschlichen Korpers und Prozesse wie Embryo-
genese, Wundheilung und Krebsentwicklung von entscheidender Bedeutung. Diese
kollektiven Verhaltensweisen werden stark durch die Interaktionen bei Zellkontakten
beeinflusst. In vorherigen Arbeiten wurden die Zell-Zell-Interaktionen in Mikrostruk-
turen mit Hilfe von Adhé&sions- und Kohésionskréften beschrieben. Es fehlen jedoch
systematische Studien, die Zellkollisionen zwischen verschiedenen Zelltypen unter-
suchen. Die Entwicklung eines quantitativen theoretischen Models iiber ein breites
Spektrum von Zelltypen ist von entscheidender Bedeutung fiir die Beschreibung des
epithelialen bis hin zum mesenchymalen Motilitdtsverhalten.

In dieser Arbeit haben wir die Zellmigrationsdynamik und die Zell-Zell-Interaktionen
mit Hilfe von Zwei-Zustands-Mikrostrukturen untersucht. Diese hantelférmige Mi-
krostruktur bietet eine kontrollierte und standardisierte Umgebung fiir die Beob-
achtung wiederholter Kollision zweier Zellen. Wir analysierten eine Vielzahl von
Zwei-Zell-Trajektorien verschiedener motiler Zellen, die entweder als epithelial oder
mesenchymal klassifiziert wurden.

Wir untersuchten zunéchst die Dynamik der Einzelzellmigration und stellten fest,
dass fast alle untersuchten Zelllinien deterministisch in die Verengung der Mikrostruk-
tur beschleunigt wurden. Dariiber hinaus konnten wir zwei unterschiedliche Migrati-
onsmuster je nach Zellphénotyp feststellen: Nicht-invasive epitheliale Zellen zeigten
Bistabilitat, wihrend invasive mesenchymale Zellen Grenzzyklus-Oszillationen auf-
wiesen. Durch gezielte Inhibition oder Induktion bestimmter molekularer Merkmale,
wie E-Cadherin oder microRNA200c, konnten wir zeigen, dass das Migrationsver-
halten stark mit dem Phéanotyp der Zellen korreliert und méglicherweise auch deren
invasives Potenzial widerspiegelt.

Anschlieend wurden die homotypischen Zell-Zell-Interaktionen verschiedener Zell-
linien in der Mikrostruktur untersucht. Die Analyse der Zelltrajektorien zeigte eine
Vielzahl unterschiedlicher Verhaltensweisen zwischen den Zelltypen. Mit Hilfe eines
datengetriebenen theoretischen Ansatzes identifizierten wir verschiedene Muster von
Kohésions- und Reibungsinteraktionen, die von Anziehung und "Anti-Reibung’ bis
hin zu starker Abstoung und starker Reibung zwischen den Zellkernen reichten.
Bemerkenswerterweise konnten die verschiedenen Interaktionen durch einen einzi-
gen Mechanismus beschrieben werden, der auf der kontaktvermittelten Kopplung
der Zellpolaritéit beruht. Experimentelle Manipulationen der Zelladhésions- und Er-
kennungssignalwege zeigten, dass die Polaritédtsausrichtung durch E-Cadherin be-
einflusst wird und durch Inhibition von ephrinA2 und ROCK in Anti-Ausrichtungs-
interaktionen verschoben werden kann.

Zusammenfassend tragen die in dieser Arbeit verwendeten datengetriebenen Ansétze
zu einem umfassenderen Versténdnis der Zellmigrationsdynamik bei und verdeut-
lichen die Variabilitdt der Interaktionsdynamik zwischen verschiedenen Zelltypen.
Diese Erkenntnisse konnten auch Aufschluss iiber das kollektive Verhalten phéno-
typisch unterschiedlicher Zellen geben.
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Summary

Collective motion is a phenomenon observed across a broad spectrum of life, from
cell assemblies and animal flocks to car traffic. These 'active matter’ systems are de-
scribed as self-propelled agents, that interact with their neighbours through forces,
and exhibit emerging large scale properties, such as synchronised movement. In bi-
ological systems, the coordinated and directed movement of cell collectives crucially
supports the organisation and maintenance of the human body, impacting funda-
mental processes such as embryogenesis, wound healing, and cancer progression.
These collective behaviours are critically determined by the way cell trajectories are
altered during cell-cell contacts. In previous work cell-cell interactions in confined
geometries have been modelled as interactions that include both effective adhesive
and cohesive forces. However, there is a lack of systematic studies that explore cell
collisions across different cell types, and a comprehensive quantitative theoretical
framework has yet to be developed. Such a framework is essential for describing the
diverse spectrum of motility behaviours, from epithelial to mesenchymal, potentially
influenced by factors such as surface proteins.

In this thesis, we explored cell migration dynamics and cell-cell interactions using
two-state micropattern. This dumbbell-shaped micropattern provides a controlled
and standardised environment, that allows the observation of repeated cell collisions
of two cells. We monitored a large amount of two-cell trajectories across distinct
motile cells, classified as either epithelial or mesenchymal.

First, we analysed the single cell migration dynamics and discovered that almost
all cell lines were deterministically driven into the constriction. Furthermore, we
observed two distinct migratory behaviours among the phenotypes: non-invasive
epithelial cells exhibited excitable bistability, whereas invasive mesenchymal cells
demonstrated limit cycle oscillations on the dumbbell-shaped micropattern. By in-
hibiting or inducing several phenotypic traits in the cells, such as E-Cadherin or
microRNA200c, we further demonstrated that the migration behaviour is closely
linked to the phenotype of the cells, potentially also reflecting the invasive potential
of these cells.

Next, we investigated the homotypic cell-cell interaction behaviour of these cell lines,
repurposing the dumbbell-shaped micropattern as a ’cell collider’. The analysis of
the coupled cell trajectories revealed a range of distinct interaction behaviours across
the cell lines. Utilising a data-driven theoretical approach, we inferred distinct pat-
terns of cohesion and friction interactions, spanning from attraction and anti-friction
to strong repulsion and friction between the cell nuclei. Remarkably, although the
effective interactions varied strongly among different cell lines, they could be uni-
formly described by a single interaction mechanism that involves contact-mediated
coupling of cell polarity. We further discovered that polarity alignment interactions
are influenced by E-Cadherin, while modifications in the polarisation machinery
through ephrinA2 and ROCK inhibition effectively shifted polarity alignment to
anti-alignment interactions.

Overall, the data-driven approaches used in this work contribute to a more general
understanding of cell migration dynamics and highlight the emergence of variabil-
ity in the interaction dynamics across distinct cell types. These findings provide a
general basis for obtaining new insight into the underlying mechanisms of collective
cell migration.
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1. Introduction

Collisions between two moving objects occur across a broad spectrum of scales,
from the microscopic interactions of molecules, atoms, and subatomic particles, to
the macroscopic impacts between solid bodies. In every instance of collision, forces
are exerted on the colliding objects, influencing their subsequent trajectories and
states. For instance, the local motion of gas particles demonstrates how particles in
motion interact through forces that alter their paths. In a biological setting, cells
within a multicellular organism frequently collide, triggering a series of complex in-
teraction mechanisms. These cellular interactions play a critical role in dictating
the collective behaviour and fate of the organism [1}-3].

For instance, during morphogenesis, cells must rearrange in a coordinated manner
to facilitate the formation of complex structures [4]. Similarly, in tissue repair, ep-
ithelial cells migrate as wide sheets, with individual cells maintaining stable cell-cell
junctions between neighbours [5]. These junctions are crucial for the transmission
of signals and forces across the cell collective. Moreover, in cancer progression,
the disruption or alteration of these cell-cell interactions often leads to unregulated
cell growth and metastasis. Cancer cells can manipulate cell-cell adhesion to de-
tach from the primary tumour mass and invade surrounding tissues, exploiting the
body’s normal mechanisms of cell migration and interaction [6},7]. Therefore, an
intricate understanding of how cells interact in various contexts could be crucial for
comprehending disease progression, such as cancer.

At the heart of those behaviours are intricate inter- and intracellular molecular pro-
cesses that control both single cell migration and cell-cell interactions. The single
cell migration of most eukaryotic cell types can be described as a cyclic process
of expansion and contraction driven by an actin-based machinery. Specifically, a
cell polarises to form an active leading edge with dynamic protrusions extending
outward, while the trailing edge retracts, propelling the cell forward [8-10]. This
intricate process relies on numerous molecular components that interact with the
cytoskeleton, which are broadly conserved across various cell types and different
migration modalities [9-12].

Another crucial process influencing cell migration and interactions is the epithelial-
to-mesenchymal transition (EMT). This program enables epithelial cells to acquire
mesenchymal characteristics. The epithelial phenotype is characterised by its apico-
basal polarity and its ability to form stable cell-cell adhesion via E-Cadherin, while
mesenchymal cells lack the ability to form stable junctions, have a spindle like mor-
phology and enhanced migratory capabilities [13,|14]. EMT is vital in numerous
processes, including developmental stages and wound healing, where traditionally



1. Introduction

stationary cells acquire the ability to move in order to fulfill critical roles. In the
context of epithelial cancer, the transition to a mesenchymal, invasive phenotype
via EMT is critical as it facilitates metastasis, thereby affecting patient prognosis
significantly [15-17]. The migratory capabilities and invasiveness of cells are closely
linked to their phenotype; however, existing studies often limit their focus to one or
two similar cell lines. Moreover, traditional methods for assessing invasiveness, such
as transwell assays or Boyden chambers, do not provide insights into the dynamic
migration patterns of phenotypically diverse cells. In this thesis, we want to address
this issue and try to connect the single cell dynamics of phenotypically different cell
lines with their invasive potential.

Initially, the study of single cell migration was conducted in vitro on plane adhesive
substrates. The analysis of the cell trajectories revealed that cells on those unstruc-
tured 2D surfaces perform persistent random motion [18,/19]. While these studies
were insightful for unravelling fundamental mechanisms of cell migration, they of-
ten lacked physiological relevance. Additionally, such setups made it challenging
to control environmental variables for individual cells, further complicated by the
substantial heterogeneity observed across different cell populations. To overcome
these limitations, standardised environments created through various micropattern-
ing techniques have been developed [20-23]. These platforms allow for more precise
control over the conditions affecting cell behaviour. For instance, confining cells on
one dimensional lanes allows for simplifications of cell shape and revealed several
characteristics of cell motion such as the universal correlation between speed and
persistence (UCSP) [12].

Recently, dumbbell-shaped micropattern, creating a minimal two-state system, were
employed to study how cells migrate through narrow constriction, mimicking a more
physiological context, such as squeezing through thin pores [24]. The unique geom-
etry of these patterns not only facilitates the differentiation between deterministic
and stochastic contributions of single-cell dynamics, but also allows the micropat-
tern to function as a cell collider. This setup enables the detailed study of repeated
head-to-head collisions between cell pairs, providing a robust platform for analysing
homotypic cell-cell interaction behaviours [25].

One of the most widely studied and observed interactions between cell pairs is the
active repulsion of one cell by another, commonly referred to as contact inhibition
of locomotion (CIL). [26-29]. Upon contact, cells retract and change their direction,
indicating CIL to be a general mechanism of local inhibition of cell protrusions.
To induce this repulsive response and effectively redirect the cell’s polarisation ma-
chinery, a complex network of surface proteins is required. Most contact mediated
cell-cell interactions involve two core mechanisms that rely on two sets of distinct
molecular machineries: cell recognition and adhesion. Recognition between cells is
primarily facilitated through various ligand and receptor interactions. For exam-
ple, the Ephrin family plays a critical role in affecting cell polarity, often triggering
a repulsive response upon engagement [30]. Following recognition, cell contact is
stabilised through the formation of adherens junctions, typically mediated by E-
Cadherin. This adhesion protein not only helps in maintaining physical contact
but is also crucial for its mechanosensing capabilities, allowing the transmission of



mechanical forces between cells [31-433]. In controlled experiments, such as those
conducted on 1D lanes or dumbbell shaped patterns, several modes of cell-cell in-
teractions have been observed, ranging from classical CIL following head-to-head
collisions, to following or flocking behaviours after head-to-tail collisions, and "walk
past’ of cells, exchanging positions [2534,35]. However, unravelling the mechanisms
behind these interactions remains challenging due to the complexity of the molecu-
lar processes involved. Cell-cell interactions are driven by the intricate coupling of
each cell’s migratory machinery, which encompasses a broad network of molecular
markers. Among these, a large network of Rho GTPases plays a pivotal role in
regulating cell polarisation [36-38].

Recently, those dumbbell-shaped pattern were employed to study the cell-cell inter-
action behaviour, facilitating a high-throughput of interacting trajectories. Using
a data-driven approach, effective interaction parameters such as effective cell-cell
adhesion and effective cell-cell friction were inferred from the experimental observed
trajectories [25]. However, a more phenomenological description of the underlying
mechanisms employed by interacting cells remains elusive.

In this thesis, we adopt a data-driven approach to explore the dynamics of single
cells confined within dumbbell-shaped micropatterns, focusing on how these dy-
namics vary among phenotypically distinct motile cell lines. This analysis aims
to broaden our understanding of the correlation between invasive capabilities and
migratory behaviours. Building on this, we aim to elucidate the coupling between
cell-cell interactions and cellular behaviour across a diverse range of motile cell lines,
each reflecting unique molecular architectures and collective morphodynamics. We
employ a top-down data-driven strategy to develop a phenomenological model for
cell-cell interactions by systematically constraining model candidates using experi-
mental observations. Additionally, we pharmacologically target molecular compo-
nents crucial for cell adhesion and recognition to deepen our understanding of how
these molecular processes influence interactive behaviours in various physiological
settings.

The structure of this thesis is organised to systematically explore the dynamics of
cell migration and cell-cell interactions, aiming to uncover the underlying biophysi-
cal mechanisms.

Chapter 2 sets the foundation by discussing the essential aspects of cell migration
and cell-cell interactions. It explains key physical and biological properties of single
and collective cell migration, as well as the mechanisms involved in cell-cell inter-
action. Additionally, this chapter introduces various theoretical frameworks and
modelling approaches used to study these phenomena.

In Chapter 3 the methodologies employed in the study are described, starting with
the micropatterning techniques used to study cell migration. Followed by the mi-
croscopy techniques utilised, including light microscopy and confocal microscopy.
Chapter 4 presents research findings on the single cell dynamic behaviours exhib-
ited by various cell types when constrained within a dumbbell shaped pattern. This
chapter specifically analyses the impact of cellular phenotypic traits on these single
cell dynamics. It further discusses how processes such as epithelial-to-mesenchymal
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transition (EMT) and the modulation of the miRNA200c expression influence cell
behaviour, providing deeper insights into how genetic and phenotypic modifications
can alter single cell dynamics.

The focus in Chapter 5 shifts to cell-cell interactions in a dumbbell-shaped pattern,
where the transient collision behaviour of various motile cell lines is studied. This
chapter discusses how polarity alignment and anti-alignment emerge as universal
interaction modes among cells. The detailed discussion of these findings enhances
understanding of the intricate mechanisms governing cell-cell interactions.
Chapter 6 explores the impact of specific molecular perturbations, such as protein
inhibition, protein overexpression and cytoskeletal modifications, on cell-cell inter-
action dynamics. It explores how alterations in contact-mediated adhesion affect
polarity alignment and how the cellular phenotype influences interaction dynamics.
This chapter also delves into the roles of the cell recognition system and polarisation
machinery in shaping these dynamics, with a particular focus on the implications of
EMT.

An outlook and general discussion of the topics studied in this thesis is given in
Chapter 7. Experimental details can be found in Appendix A and a detailed
description of the data analysis is given in Appendix B.



2. Fundamental Concepts

2.1 Cell Migration

Cell migration plays a crucial role in various physiological and pathological processes.
Processes such as embryogenesis, tissue regeneration, and wound healing heavily
depend on the directed and coordinated movement of cells |4,5,39]. However, errors
or mutation to the cell migration machinery can also contribute to diseases, including
chronic inflammation and the progression of cancer through metastasis [2,/6]. The
basic mechanism by which cells migrate is similar over a range of distinct cell types
and regulated by a combination of structural, chemical, and biological factors [1240].
Yet, the migration process is incredibly complex due to the involvement of intricate
molecular networks and signalling pathways. This complexity makes achieving a
comprehensive understanding of cell migration challenging [2,41].

Depending on cellular phenotype and function, cells can undergo different modes of
cell migration, which can be categorised as either single cell migration or collective
cell migration (Fig. [2.1). Single cell migration is characterised through a lack of
cell-cell adhesion and can be divided into two groups, amoeboid and mesenchymal
migration. Amoeboid migration is defined through blebbing and rapid movement,
often observed in leukocytes during the immune response [42]. In contrast, cells
undergoing mesenchymal migration exhibit robust stress fibers and establish leading
edges marked by actin-rich protrusions [43]. Collective cell migration is characterised
through the coordinated movement of a group of cells guided through interaction
between neighbouring cells [1,44]. In epithelial tissues, cells maintain stable cell-cell
adhesion through Cadherin junctions. In contrast, cells in mesenchymal tissues only
form transient adherens junctions between neighbours, which are still effective in
polarising the cells [44}45].

In this thesis, we mainly focus on motile cell lines that can undergo mesenchymal
migration. The molecular and physical basics of this migration mode are introduced
in the following sections.

2.1.1 Physical and Biological Properties of Single Cell Mi-
gration

Single cells frequently engage in persistent random motion, yet when confronted
with specific environmental cues, they have the capacity to transition into a more
directed movement. This directed migration is mostly universal across different con-
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Cell migration

r'd X

Single cell migration ective cell mig
Amoeboid Mesenchymal Epithelia Mesenchymal

@

Direction of movement

Figure 2.1: Display of the different migration modes. Cell nucleus is coloured in
blue and cell adhesion contacts are displayed as red bars.

texts and is marked by repeated cycles of cell front extension, cell body contraction,
and rear end retraction (Fig. [3,8,/10]. Upon stimulation with external cues,
cells adapt an asymmetrical polarised morphology with a clear distinction between
cell front and cell rear.

At the molecular level, this polarisation is initiated by the activation of G-protein
coupled receptors, triggering a cascade involving various GTPases of the Rho family
(Cdc42, Racl, phosphoinositide 3-kinase (PI3K)) [41,146,47]. Cdc42, in particu-
lar, instigates the polarisation process, leading to a dynamic rearrangement of the
cytoskeleton [48]. This restructuring results in the active extension of the cell mem-
brane, forming broad and flat protrusions known as lamellipodia or slender and
spike-like extensions called filopodia [49]. In lamellipodia, actin are cross-linked
into lattice-like meshworks, whereas in filopodia, actin is organised in long parallel
bundles. However, actin filaments, being long and flexible in vitro, cannot sustain
a pushing force without buckling. Therefore, the Arp2/3 complex stimulates actin
polymerisation in lamellipodia by creating new nucleation cores, promoting the as-
sembly of a dense network of short, branched actin filaments (Fig. - inset) [10].
Nevertheless, the question of how polymerisation can generate a pushing force is
still open. The elastic Brownian ratchet model, proposed by Mogilner and Oster
in 1996, addresses this issue by envisioning the actin filament as a spring-like wire
continually bending due to thermal energy [50]. The propulsive force is generated by
the unbending of the filaments against the surface [51]. However, in order for a cell
to move forward, the protrusions must be stabilised by adhering to the surface, as
otherwise the propulsive force would drive the filaments backwards and not forwards
on the surface.

The formation of adhesions between cell and substrate is guided by several trans
membrane receptors [52,53]. Integrins are the key players regulating the dynamic

6



2.1 Cell Migration

interactions between the actin cytoskeleton and the extracellular matrix (ECM).
During cell migration, integrins dynamically engage with ECM components, form-
ing molecular linkages between substrate and actin network through proteins like
talin, vinculin, or a-actinin (Fig. - insets). This process establishes anchor
points crucial for generating traction forces. These forces, arising from the interac-
tion between the cell and its substrate, enable the cell to exert the necessary pull
for forward movement [54}55].

Addionally, a contractile force is needed to push the cell forward, leading to cell
body contraction and the retraction of the rear end. The motor protein non-muscle
myosin II interacts with actin filaments and uses the energy of ATP hydrolysis to
push neighbouring actin filaments past each other, resulting in contraction. This in
turn promotes the depolymerisation of filamentous actin, causing actin filaments to
move rearward toward the cell center. This rearward movement is what constitutes
actin retrograde flow [52]. Furthermore, myosin directly interacts with the focal
adhesions by facilitating their release and enabling the retraction of the cell’s rear

end [56].

2.1.2 Molecular Basis of Cell Polarisation

The ability of cells to polarise is crucial for the proper functioning of numerous
biological processes. Cellular polarisation refers to the asymmetrical organisation
of cellular components, which allows cells to have distinct structural and functional
domains. It is necessary during cell division, neuronal development, immune re-
sponse and cell migration [37,/57,58]. An intricate network of polarity proteins,
conserved throughout evolution, assemble into multiprotein complexes that induces
downstream signalling in order to break cellular symmetry [3,59]. One of the key
molecular players are the small GTPases of the Ras superfamily that function as
molecular switches in the polarisation signalling pathways. A vast number of those
Rho GTPase effector proteins have been discovered, adding to the challenge in un-
derstanding cell polarisation.

In this section, the focus lies on the main players guiding the polarisation machinery
- the Rho (Ras homologous) family proteins of the Ras superfamily [47]. Specifi-
cally, the proteins Cdc42, Racl and RhoA regulate and coordinate cytoskeleton
remodelling through inducing the polymerisation of actin filaments to linear fibres
or branched networks [36,/60]. To establish protrusions at the leading front, Racl
and Cdc42 stimulate the Arp2/3 complex by binding to proteins of the WAVE or
WASP family respectively [46]. This induces the branchend actin network in lamel-
lipodia necessary for cell movement. Furthermore, in the early stages of adhesion,
activity of Racl at the front of the cell leads to an inhibition of RhoA at the rear end.
During later stages of adhesion and protrusion formation, Racl expression decreases
leading to an increase of RhoA which accumulates at the rear end of the cell. RhoA
in turn suppresses the activity of Racl, known as the Rho-Rac antagonism [38}|61].
The main effector responsible for activating Rho are the Rho-associated coiled-coil-
containing protein kinases (ROCKI and ROCKII), orchestrating the phosphoryla-
tion of the myosin light chain [36]. This phosphorylation event subsequently upreg-

7
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Figure 2.2: Overview of the 5 step cycle in single cell migration. A) Unpolarised cell
is attached to the substrate or extracellular matrix (ECM) via focal adhesion (FA).
B) Through external cues, cell symmetry is broken and protrusions are formed.
On the right, the molecular details of filopodia and lamellipodia are shown. C)
New adhesions are formed, which leads to a traction force against the substrate.
Molecular details of focal adhesion are shown on the right. D) Translocation of the
cell through a contraction force mediated through myosin II. E) Rear end retraction
and forward movement of the cell.

ulates actomyosin activity, inducing the contraction of stress fibers and resulting in
the retraction of the cell.

2.1.3 Cytoskeleton in Cell Migration

The cytoskeleton is a crucial component of every cell, acting as both a structural
framework and a scaffold that shapes the cell and organises the cytoplasm. Con-

8



2.1 Cell Migration

sisting of an extensive network of protein filaments, the cytoskeleton plays a pivotal
role in cell movement, including the intracellular transport of organelles and the seg-
regation of mitotic chromosomes [62]. This network, which includes actin filaments,
intermediate filaments, and microtubules, is supported by a diverse array of proteins
that connects these cytoskeletal polymers to subcellular organelles and the plasma
membrane. As a dynamic structure, the cytoskeleton generates coordinated forces
that allow it to rapidly adapt, reorganising itself to enable the cell to move and
alter its shape in response to various stimuli [63,64]. This adaptability is critical
for processes such as navigating through tight spaces or altering course following
cell-cell interactions [65).

The three primary structural polymers of the cytoskeleton each possess distinct
properties that enable them to form varied architectures and respond appropriately
to external and internal cues. These differences include variations in mechanical
stiffness and polarity, as well as unique assembly and disassembly dynamics that
allow each type of filament to function in specific cellular contexts [64]. Moreover,
they are associated with specific molecular motors that facilitate movement along
these structures using chemical energy derived from ATP. Kinesins and dyneins
move along microtubules, often transporting organelles and vesicles, while myosins
navigate along actin filaments, crucial for muscle contraction and cell crawling [§].
Microtubules are the most rigid components of the cytoskeleton, constructed from
tubulin subunits arranged in a cylindrical structure [66]. This configuration provides
substantial compressive and tensile strength, enabling microtubules to withstand
bending forces. Despite their rigidity, microtubules can buckle under compressive
loads and are susceptible to breaking under extreme elongational strains. These
filaments exhibit an intrinsic polarity, typically with the minus end anchored at
the microtubule-organising center (MTOC), from which they project outward. This
polarity is crucial for their function, as it directs the assembly and disassembly of
tubulin subunits. Moreover, their dynamic instability allows for rapid growth and
shrinkage through polymerisation and depolymerisation at their ends necessary for
cell migration. Furthermore, the dynamic behaviour of microtubules is intricately
linked to actin dynamics within the cell through the mediation of Rho GTPase sig-
nalling pathways [67,68].

Intermediate filaments, while providing tensile strength, are the most elastic and
deformable components of the cytoskeleton, enabling them to withstand mechani-
cal stress. These filaments are classified into three main subclasses: Class I and II
comprise keratins, typically expressed in cells with an epithelial phenotype, whereas
Class III includes vimentin, which is predominantly found in cells exhibiting a mes-
enchymal phenotype. Lamins represent a third category of intermediate filaments,
which are crucial for maintaining the mechanical integrity of the eukaryotic nucleus.
These types of polymers are not polarised, which precludes them from supporting
directional movement of molecular motors. However, they are capable of extensive
cross-linking with each other, enabling them to form higher-order structures [64].
Actin filaments, recognised for their semi-flexibility, are capable of forming com-
plex dendritic and cross-linked structures, commonly observed in structures like
lamellipodia [49,64]. Their semi-flexible nature allows them to be actively bent by
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thermal fluctuations, making them the most dynamic of the cytoskeletal polymers.
Instead of switching between polymerised und depolymerised states, actin filaments
typically exhibit steady growth. This continuous assembly process enables them
to generate the necessary forces for propelling the cell forward during migration.
In addition to their role in cellular protrusions, actin filaments can assemble into
contractile actomyosin bundles forming so called stress fibers. Stress fibers play
a critical role in maintaining cell shape, enabling contraction, and stabilising cell-
substrate adhesions [69,70]. They are crucial for transmitting mechanical signals
and forces across the cell, thereby influencing cell behaviour in response to external
mechanical stimuli [71].

2.1.4 Collective Cell Migration

Collective cell migration is characterised by a coordinated movement of a group of
cells in which they move forward together and remain in constant contact through
stable cell-cell adhesion [1,45,/72]. This adhesion is evident in various forms, in-
cluding adherens junctions (AJs), tight junctions (TJs), desmosomes, and gap junc-
tions. Furthermore, the collective behaviour of cells involves the chemical or phys-
ical crosstalk between individual cells inside the collective [44,73]. For collective
migration to occur, each individual cell within the group must undergo polarisa-
tion, employing the same molecular mechanisms observed in single-cell migration.
However, the cell-cell interactions inside the collective modify the classical features
of polarisation found in individual migrating cells. There is a distinction in mor-
phology and polarity proteins expressed in cells at the front of the cluster compared
to cells inside or at the back [3]. Cells at the front are often referred to as leader
cells, while the others are called follower cells [74,|75]. The leader cells can sense
the microenvironment and dictate the direction and velocity of the collective. They
adapt mesenchymal properties and establish lamellipodia at the front of the cell clus-
ter. Leader cells communicate and influence the follower cells through mechanical
coupling and biochemical signals [|73,|74,|76]. Follower cells show increased con-
tractility through enhanced actomyosin activity similar to the rear end of a single
cell [45.[72L|77].

2.2 Cell-Cell Interaction

Cell-cell interactions play a crucial role in orchestrating the coordinated movement
of cells during key biological processes such as embryogenesis, morphogenesis, and
cancer progression [4,6}/77]. In order for these physiologically diverse processes to
function, the cells must adapt their response accordingly upon contact with another
cell. This response can be roughly divided into three interaction modes. When cells
collide, they can exhibit a repulsive response, leading to a separation of the cells in
opposite direction. This phenomenon is known as contact inhibition of locomotion
(CIL) [29,78]. Alternatively, they can stick together by forming adhesion bonds and
move collectively, referred to as contact following of locomotion (CFL) [79]. Another
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mode is characterised by cells walking past each other, termed contact sliding of lo-
comotion (CSL) [25]. In general, the contact-mediated response of cells is largely
dependent on the collision angle between the cells. The underlying mechanisms are
complex and extensive, guided by force transmission and signalling pathways, which
are mediated by a vast network of cell receptors and surface proteins [29)].

The most extensively studied contact response is CIL, which has been discovered
and characterised in 1953 by Abercombie and Heaysman [26]. CIL is a fundamental
cellular process exhibited by a large variety of phenotypically different cells dur-
ing developmental processes (e.g. in Drosophila [28]) and tissue organization (e.g.
neural crest of Xenopus [80]). When cells collide, CIL orchestrates a repulsive re-
sponse, preventing them from overlapping or moving in the same direction [29]. In
contrast, the loss of CIL is frequently observed in cancer progression, where cells
lose their ability to repel each other upon contact. This breakdown in CIL allows
cancer cells to move past one another, contributing to invasive and uncontrolled cell
migration [81]. The mechanism of CIL can be divided into four main steps (Fig.

]
1. establishment of cell-cell contact

2. inhibition of protrusive activities at contact sites

3. repolarisation of cells and formation of new protrusion pointing away from the
site of contact

4. separation and migration away from each other

The molecular mechanisms navigating CIL are largely unknown. However, a set
of molecular markers involved in the process has been identified [29,|78,[81]. In
order for cells to transmit signals between each other, they have to build tran-
sient adhesion points upon contact. Those adhesions are facilitated by members
of the cadherin family. Cadherins are transmembrane proteins that mediate Ca?*-
dependent homophilic cell-cell adhesion and tightly regulate the actin cytoskeleton.
E-Cadherin has been identified to be required for CIL in migratory cells and ep-
ithelial sheets [82,83]. In neural crest cells, N-Cadherin is essential for functioning
CIL responses [84]. In the following stage, cell recognition and transduction of sig-
nals is mediated by another group of surface proteins, the Eph-ephrin family. This
receptor-ligand system signals bidirectionally into both the Eph-receptor-expressing
cells and the ephrin-expressing cells targeting the actin cytoskeleton through inhibit-
ing or activating members of the small RhoGTPase family [30].

2.2.1 Cell Adhesion

Cell adhesion plays a critical role in both cellular communication and migration,
encompassing two primary forms: cell-substrate adhesion via focal adhesions and
cell-cell adhesion through adherens junctions. Focal adhesions, mediated by inte-
grins, facilitate complexes between the cell and the extracellular matrix (ECM),
anchoring cells to their substrates [44]. These adhesions act as a mechanical link
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Figure 2.3: Mechanism of contact inhibition of locomotion. A) Polarised cells, with
an accumulation of Racl at the front and RhoA at the rear, move towards each other.
B) Upon contact cells establish adhesions mediated by ephrins and Cadherins. Inset
on the right shows a small set of involved surface proteins and their influence on
the small GTPases. C) Cells repolarise by an increase of RhoA activity at the cell
contact site. D) Cells migrate in opposite direction.

that transmit forces generated by the actin cytoskeleton to the ECM, facilitating
cell motility. During migration, focal adhesions exhibit mechanosensitive behaviour,
enabling cells to spread and move along substrates [85/86]. This dynamic adjust-
ment of focal adhesions is essential for cells to respond to their physical environment,
which influences direction and speed of movement. Notably, a reduction in cell ad-
hesiveness is frequently observed in cancerous cells, allowing them to circumvent
normal cellular constraints and thereby enhancing their metastatic potential [55].
Adhesions between two or more cells occur in nearly all tissues and cell types and
take various forms, such as [87]:

e Adherens Junctions: Primarily mediated by cadherins, these junctions con-
nect the cytoskeleton of one cell to another, enabling the transmission of ten-
sion and signals between cells. This is crucial for maintaining tissue integrity
and responding to environmental changes.

e Tight Junctions: Intercellular adhesion complexes necessary to control para-
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cellular permeability, mediated by the transmembrane proteins occludins and
claudins.

e Desmosomes: These connect intermediate filaments of neighbouring cells,
providing crucial mechanical strength to tissues.

In epithelial tissues, the integrity and function of cell-cell adhesion complexes are
predominantly mediated by E-Cadherin. This transmembrane protein not only es-
tablishes a physical linkage between cells, but is also instrumental in transmitting
mechanical signals that regulate cellular forces and maintain tissue stability [31},32].
For instance, E-Cadherin-based adherens junctions are essential for the polarisation
of epithelial cells, aiding in the segregation of apical and basal membrane com-
partments, and facilitating the organisation of organelles and the directionality of
intracellular trafficking |33]. Furthermore, E-Cadherin-mediated cell-cell adhesion
can facilitate cell polarisation, leading to a redirection of the cellular migration ma-
chinery away from cell contact [88]. This linkage between E-Cadherin and the actin
cytoskeleton not only initiates polarity cues such as Racl and Cdc42 [88,89], but
also serves as a mechanosensor at cell-cell junctions [32]. This emphasises that E-
Cadherin is integral not just for mechanical cohesion but also for signalling pathways
that direct cell behaviour.

2.2.2 Cell Recognition System

In order to direct the response upon cell collision, cells first have to sense and
recognise each other. This cell-cell recognition is critical for various physiological
functions and involves the specific interaction of receptors on one cell’s surface with
complementary ligands on another, triggering downstream signalling processes [90].
One of the major receptor familys involved in cell-cell recognitions and signal initi-
ations is the Ephrin family [91].

The Eph receptors represent the largest known family of receptor tyrosine kinases
in a variety of cell types [30,092]. The receptors can be divided into two subclasses
consisting of 9 different EphA and 5 EphB members. The structure of the recep-
tors is largely conserved and both classes share the same structural features and
domains. The receptors are activated by binding to the membrane-bound ligands
called ephrins, which causes a bidirectional signalling cascade. The ligands are also
divided into ephrinA and ephrinB ligands. Unlike the receptors, the ligands show
structural differences between the classes. EphrinA ligands are characterised by gly-
cosylphosphatidylinositol (GPI) anchors that bind them to the membrane. EphrinB
ligands have a short transmembrane domain followed by a conserved cytoplasmic
tail [93]. In most cases, ephrinA ligands bind to EphA receptors and ephrinB to
EphB. However, there can be a potential cross-talk between the groups. While
the Eph/ephrin system is an important cell recognition and signalling tool involved
in developmental and differentiation processes [94], neuronal pathfinding and topo-
graphic mapping [95], it also plays a role in tumour development. In many types of
cancer, Eph receptors are upregulated [92,96]. In breast cancer, EphA2 and EphB4
are overexpressed leading to oncogenic transformation and enhancement of tumour
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cell proliferation and motility [97]. These receptor-ligand interactions have a sig-
nificant influence on cell polarity by modulating the expression of Rho GTPases,
playing a pivotal role in the migratory machinery during cell-cell contacts [81]. For
instance, EphB receptors have been observed to stimulate Cdc42 expression, which
may promote attractive migration. In contrast, when ephrinA2 ligands interact with
EphA2 and EphA4 receptors, activation of RhoA at sites of cell-cell adhesion is trig-
gered. This in turn leads to a reduction in forward migration, which is primarily
driven by actomyosin contraction regulated by Rho-GTPases [53].

2.2.3 Role of EMT in Cell Migration

During the earliest stages of embryonic development, epithelial cells have to change
their molecular composition and migratory behaviour in order to differentiate into a
diverse array of cell types, contributing to the development of different tissues and
organs [13,98]. This process is known as epithelial-to-mesenchymal transition (EMT)
which denotes a cellular program during which epithelial cells acquire mesenchymal
phenotypes and behaviour. EMT is characterised by loss of cell-cell adhesion and
cellular polarity, remodelling of the cytoskeleton resulting in a change of the cellu-
lar morphology, as well as increased migratory capacity (Fig. [2.4A) [14,[15]. The
enhanced migratory abilities are often found in cancer cells undergoing EMT, thus
this transformation is a promoter of metastasis and cancer progression [16].
Several intracellular signalling pathways, often mediated through transcription fac-
tors (TFs), can induce EMT in epithelial cells [17,/99]. One major pathway in
controlling EMT is governed by the transformation growth factor g (TGFf3). Ex-
pression of TGFf leads to the induction of several SMAD complexes, which in
turn migrate to the nucleus and transcriptionally activate mesenchymal genes like
vimentin and fibronectin [17,[100]. Furthermore, several TFs, specifically SNAIL,
SLUG, ZEB1 and TWIST, are upregulated and enable the establishment of au-
tocrine signalling. This creates a positive feedback loop to maintain the expression
of the EMT programmes [100]. TFs also lead to the downregulation of E-Cadherin
and several other adhesion proteins, while simultaneously promoting N-Cadherin.
This Cadherin switch is often observed in cells undergoing EMT and is used as
one of the major hallmarks that characterises this process. However, studies have
shown that while loss of E-Cadherin expression is almost always observed in EMT,
it is not sufficient to induce EMT [101]. Therefore other key players have to be
involved, such as the large and intricate network of microRNAs (miRNAs), espe-
cially the miRNA200 family [14]. The miRNA200c is inhibiting the synthesis of
ZEB1, which, reciprocally, can repress the transcription of miRNA200c. This nega-
tive feedback-loop involves other miRNAs (e.g. miRNA34) and is influenced by the
presence of TGF S, which promotes TFs, thus leading to an inhibition of miRNAs
(Fig. ) [102]. Other signalling pathways like the Notch pathway or canonical
WNT-signalling also influence and initiate EMT in epithelial cells [15].

However, it is noteworthy that EMT is not a bistable process between two states
(E=epithelial and M=mesenchymal), but rather a spectrum of several intermediate
E/M states [103]. Those cells show a hybrid phenotype, which is characterised by a
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combination of epithelial and mesenchymal capabilities [104].
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Figure 2.4: Overview of the epithelial-to-mesenchymal transition. A) EMT is ini-
tiated by TGFf, which results in the loss of adhesion and the gain of motility in
transitioned cells. MiRNA200c can induce the reverse transition, mesenchymal-to-
epithelial transition (MET). B) Double negative feedback loop during EMT between
transcription factors (TFs) and miRNAs. Arrows indicate activation and enhance-
ment, inhibitory arrows indicate negative regulation and inhibition.

2.3 Theoretical Description of Cell Migration
In recent decades, extensive studies on cell motility and cell migration have led
to the discovery of the intracellular signalling networks responsible for regulating

the eukaryotic cell migration machinery. To transition from primarily descriptive
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studies to a more quantitative science, mathematical and computational modelling
have been increasingly integrated with experimental research [105]. These models
provide the framework for achieving a quantitative understanding of the migratory
behaviour. However, due to the inherent complexity of biological systems, math-
ematical models must selectively simplify the vast array of biochemical processes
into minimal models. Hereby, it is crucial to choose an appropriate level of descrip-
tion and identify key degrees of freedom of cell migration that are not only simple
enough but produce models with predictive power [106]. The theoretical analysis
of biological phenomena not only provides deeper insights into underlying physical
mechanisms, but also assists in identifying key parameters and variables that im-
pact biological behaviours. This information is valuable for helping to design new
experiments and focusing on the most critical factors that drive or inhibit cell move-
ment [107].

Currently, the models employed in cell migration studies often tend to specialise
only in one specific aspect of the field. At the smallest scale, models primarily fo-
cus on deciphering the intracellular signalling networks and their interactions with
the actin cytoskeleton within a single cell. These models aim to provide a detailed
understanding of the biochemical and mechanical processes that drive cell motility
at the cellular level. At higher scales, the models expand their focus to encompass
cell-cell interactions and the movement of larger groups of cells. These higher-
level models seek to understand the collective behaviours and emergent properties
of cell populations, such as tissue formation, wound healing, and cancer metasta-
sis [79,105,({108}/109).

2.3.1 Cell Migration Models

Persistent random walk

In 1920, while studying single-celled eukaryotes (protozoa), R. Fiirth discovered that
cells are not simply following a random Brownian motion, but have some directional
persistence [18]. The persistent motion can be mathematically described as
dv —

with the velocity vector v and the diffusion coefficient D characteristic of Brownian
motion. The timescale is represented by P, also called the persistence time and 77 is
a normalised Gaussian white noise. This process is better known as the Ornstein-
Uhlenbeck process (OU process) |19]. The mean square displacement (MSD), also
referred to as Fiirth’s formula, is defined as

(d*(t)) = 2nD(t — P(1 — e 7)) (2.2)

with n being the dimension of the space in which the motion takes place.

In 1970, Gail and Boone were the first to successfully interpret the locomotion
of fibroblasts with this model, marking a significant advancement in cell motility
studies |110]. Since then, this model has been widely applied across various sys-
tems to study cell movement [1114113], establishing itself as a standard framework.
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Specifically, equation has become the fundamental formula used to describe cell
motility [114].

However, as technological advancements in data acquisition and processing, such as
computer-aided cell tracking, high-resolution automated microscopy, and advanced
image analysis have evolved, significant deviations from the original Ornstein-Uhlen-
beck (OU) process described by the model have been observed. For example, the
migration patterns of human fibroblasts and keratinocytes have been found to de-
viate from the OU process, revealing that these cell types retain a memory of past
velocities [115]. These findings indicate that while the initial model has been instru-
mental in advancing our understanding of cell motility, it may no longer be sufficient
to accurately describe cell motion. Consequently, the development of more specific
models has become necessary to capture the complexities of cell motion to accu-
rately reflect the dynamic and multifaceted nature of cellular behaviours in various
biological contexts.

Particle Models

Active particle models are another theoretical framework used in physics and bio-
physics to describe the dynamics of self-propelled particles, such as cells. These
particles are characterised by their ability to move persistently in one direction be-
fore randomising their direction after a certain period, known as the persistence
time |116,,/117].

In this framework, cells are represented as discrete particles or disks, which possess
distinct attributes like position, velocity and interaction forces with neighbouring
particles. In contrast to for example cellular potts models (CPMs), the cellular
shape is largely overlooked [118}|[119]. However, by adjusting the size of the particle
or the radius of the disk, cell-shape anisotropy and head-tail asymmetry can still
be captured. A central interparticle potential V(|7 —7j|) implements positional
cell-cell interactions [79]. The potential often features a repulsive part in order to
prevent the cells to overlap. To account for cell adhesion, a mid-range attraction
between cells is included in the potential. The dynamics in these systems are often
dictated by force balance principles, where the equation of motion for interacting
cells in a simple active particle model might take the form:

v0; = Top; + Z (|75 — T]' + Ve[ vi ;H . (2.3)
(4,4)

Here, motility is accounted for by an active polar force T,p; with the polarity vector
p;. This term describes the contribution to the velocity due to cell polarisation.
Cell-substrate viscous friction is described by —vv; and cell-cell friction with the
friction coefficient & [79]. The potential of interaction between cells is V (|7} — 77]),
which is capable of including the repulsion and adhesion between cells [120].

incorporating additional terms, that for instance corresponds to the polarisation
or repolarisation of cells at contacts, active particle models have been successfully
employed in modelling CIL [88,|121]. Active particle models, despite their appar-
ent simplicity, are remarkably effective at capturing a diverse array of phenomena

17



2. Fundamental Concepts

across various biological contexts. These models are particularly useful for explain-
ing dynamics such as single cell migration and collective movements within cell
populations [111},120,122]. Their flexibility allows for the incorporation of complex
behaviours through relatively straightforward mechanisms, making them a powerful
tool in both theoretical and applied studies of cellular processes.

Nonlinear equation of motion for confined cell migration

A more general approach to describe the stochastic migration of cells incorporates
the application of generalised Langevin equations, enabling the prediction of both
short ballistic motion and long random walk patterns [123]. Briickner et al. devel-
oped a theoretical framework to describe the stochastic migration of cells in struc-
tured environments [24]. Specifically, to mimic the challenge cells face while moving
through the human body, such as the need to squeeze through thin pores, they
employed a dumbbell-shaped micropattern to observe the stochastic dynamics of
cancerous and non-cancerous breast cells. The pattern consists of two adhesive
squares (islands) connected by a thin bridge. In this particular experimental set-up,
cell nuclei are tracked over a certain time period (up to 48h). On the pattern, they
can either be in a rest state on one of the islands or transition into the opposite
island by squeezing over the small bridge. The time it takes one cell to complete
a transition is dependent on bridge width and length and is in the range of a few
hours depending on the cell line. The probability that a cell has not completed one
transition is called the survival probability

si=1- [ "p(r) dr (2.4)

that is defined by a probability distribution p(7), with 7 denoting the dwell time
that a cell spends on one island. In order to describe the cell motion, a generalised
Langevin equation is formulated:

ilht} = F(z,v) + o(x,v)n(t). (2.5)
F(z,v) is the deterministic effective force term and 7(t) represents a Gaussian white
noise with zero mean (n(t)) = 0 and correlation (n(t)n(t')) = 6(t —t'). Here, F(x,v)
does not directly capture the mechanical forces acting on the cells, but is rather
an effective description of the nuclei trajectories. Contrary to persistent random
motion described by the OU-process, the noise strength o(z,v) depends on both the
velocity v and position z. The deterministic effective force term and noise term are
inferred from experimental data by conditional averaging:

F(z,v) = (0|z,v) (2.6)

o (2, v) = \JAH[D — F(z,0)]2]z, v) (2.7)

with the experimental time resolution At. Importantly, the deterministic and
stochastic contributions only depend on the acceleration v and are thus constrained

18



2.3 Theoretical Description of Cell Migration

by the short-timescale behaviour of the measured trajectories. To gain a conceptual
understanding of the underlying dynamics of cells hopping between two islands, a
closer look at the deterministic contribution F'(x, v) is needed. Through plotting the
characteristic landscapes in x-v-space, it is revealed that without noise the inferred
system still exhibits regular transition. This implies that cells are deterministically
driven into the bridge in order to transition. For the cancerous cell line MDAMB231
employed in [24], limit cycle oscillations between the islands around an unstable
fix-point at z,v = (0,0) is observed, while the non-cancerous MCF10A cells exhibit
excitable bistability with two stable fix-points at either side of the bridge.

2.3.2 Cell-Cell Interaction Model

To bridge the gap between single-cell behaviour and collective cellular dynamics,
it is crucial to understand how cells interact with each other. One effective ap-
proach is to start by examining collisions between two individual cells. This could
provide insights in the forces and molecular mechanisms at play during direct cell-
cell interactions, which can then be extended to more complex scenarios involving
larger groups of cells. In bottom-up models of cell-cell interactions, the dynamics
are described in various ways. One common method is the use of repulsive po-
tentials, which help model the excluded volume interaction. This means that the
model takes into account the physical space occupied by cells, ensuring that they do
not overlap or penetrate each other, thus maintaining a realistic representation of
cellular boundaries. Additionally, these models often incorporate alignment terms,
which help to simulate the way cells align their movement with neighbouring cells.
For instance, Kulawiak et al. modelled cell-cell interaction by employing a com-
putational phase field model including the mechanics of cell shape and a minimal
chemical model for CIL, that focuses on Rac-signalling [124]. However, those models
are often based on physical intuitions and not derived from experimental data.

The data-driven approach described in section [2.3.1] can be extended to study an
interacting system consisting of two cells. Briickner et al. redefined the two state
pattern as a minimal cell collider to develop a theoretical framework describing the
dynamics of interacting cell pairs [25]. Again, in this setup the nuclei can be precisely
tracked over long periods of time and most of the interacting behaviour is captured
by the x-position of the cells. The cells are subsequently regarded as point-like par-
ticles characterised by a certain position and velocity. From the frequent stochastic
collision events, three distinct types of behaviour are observed: reversal (CIL), slid-
ing (CSL) and following (CFL). In order to detect underlying physical interaction
to accurately describe the interaction dynamics of the cell pairs, Briickner et al.
propose a stochastic equation of motion of the form

dv

i F(z,v) + f(|Az]) Az +~y(|Az|)Av + o(z,v)n(t). (2.8)
F(z,v) describes the interaction of each cell with the confinement similar to equation
2.5 Additionally, an effective interaction term is added consisting of two separate
contributions. It has to be mentioned, that this equation of motion captures the
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effective dynamics that describe cellular nucleus accelerations instead of mechani-
cal forces acting on the cells. The effective positional interaction term f(]Az|)Az
captures the effective repulsion and attraction between the cell nuclei and the di-
rectional interaction term ~(|Az|)Av captures the effective frictional interactions
between the two nuclei. Both terms describe how, on average, the dependence of
nuclear acceleration depends on the relative distance Ax and relative velocity Aw
to the nucleus of the second cell. The last term accounts for intrinsic stochastic-
ity with (n(t)) = 0 and correlation (n(t)n(t')) = d(t — t’). The effective friction
between cell nuclei relies on a deceleration as they collide, while an acceleration of
this process would be interpreted as anti-friction leading to sliding events. Using an
underdamped Langevin inference (ULI) the functions for f and « can be inferred
from measured trajectories.

2.3.3 The Interaction Behaviour Space

To establish a link between the physical interaction terms and the cell-cell collision
behaviour, the cell-cell interactions can be mapped onto a 2D phase space, spanned
by the amplitudes of the cohesive and frictional contributions. This interaction
behaviour space (IBS) provides a low dimensional representation of the inferred
cohesion and friction interactions between the different cell pairs [25]. Specifically,
every combination of possible parameters (for v,f) is simulated and the dominant
collision event is determined. Therefore, each parameter combination corresponds
to a behaviour distribution, with varying proportions of the three main interaction
events (reversal, sliding, following). The colours indicate the dominant collision
event predicted from the pairs of cohesion and friction interactions (Fig. . In
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Figure 2.5: Interaction behaviour space (IBS). The IBS spanned by varying the
amplitudes 7y and fy of the friction and cohesive interactions. For negative f; values
cells show attraction, positive values correspond to repulsion. Negative vy values
indicate effective friction and positive values indicate effective anti frictional inter-
actions. Colours indicate regions with one dominant interaction event. Sketches of
the three interactions events are shown underneath each domain. Behaviour distri-
bution from one specific point in the IBS is shown on the right.
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the blue region, cell pairs show a predominantly sliding behaviour, in the red regions
cell pairs are most likely to reverse upon contact and in the green region following
events are dominant. White regions correspond to behaviour distribution where no
single behaviour contributes more than 50% of events.

In this thesis, the theoretical framework developed by Briickner et al. for single cell
migration and cell-cell interactions on a dumbbell-shaped confinement is employed.
This approach is used to analyse the diversity in cell migration and interaction
behaviours and to explore potential underlying mechanisms of these behaviours.

21



2. Fundamental Concepts

22



3. Experimental Setup

3.1 Micropatterning for Cell Migration

Within the human body, cells must navigate diverse geometries and environments.
To investigate specific functions and address biological questions, it becomes essen-
tial to replicate these unique cellular microenvironments in vitro. Traditionally, cells
are commonly studied in vitro by allowing them to adhere to homogeneous adhe-
sive substrates. However, in such experimental setups, it is difficult to control the
environmental parameters for individual cells, and the variability of cell behaviour
makes it difficult to repeatedly observe certain phenomena. This makes it difficult
to collect sufficient statistical data on specific processes to discover new mechanisms
or develop insightful models. To overcome this challenge and improve comparability
between experimental parameters, the experimental set up is often simplified by re-
stricting cell movement to confined geometries. Several micropatterning techniques
have been utilised to create such standardised cell environments [125,/126]. De-
pendent on the shape and structure of the confining micropattern, cell shapes and
migratory behaviour differ greatly from freely moving cells on substrates. Those
micropatterned environments can span a spectrum from long 1D lanes to intricate
2D structures and even extend to three-dimensional (3D) environments, such as
nanofibers or cavities formed by hydrogel matrices [34}/127,[128]. Numerous micro-
fabrication techniques have been developed and used to investigate cell mechanics
and behaviour. Within the context of this thesis, the focus will be on 2D patterning
techniques.

The most prominent fabrication methods are microcontact printing (pCP), mi-
croscale plasma-initiated protein patterning (¢PIPP) and, more recently, photolitho-
graphic patterning techniques with and without the use of masks [126,/129,/130].
The basic principle underlying the production of cell-confining structures remains
the same for all three methods: the entire substrate is made cell-repellent by chem-
ically passivating the surface, leaving out or removing the passivation at the areas
intended for the desired confinement geometry. These specific areas are then coated
with proteins of the extracellular matrix (ECM), usually fibronectin, laminin or col-
lagens.

For uCP a polydimethylsiloxane (PDMS) stamp in the shape of the desired struc-
ture is incubated with the coating protein of choice and then placed face down onto
the substrate. To passivate the remaining surface area, the substrate is filled with
a blocking solution, usually poly-ethylene glycol (PEG). This technique works on

23



3. Experimental Setup

a variety of different surfaces and for various ligands [20,/125(131]. However, this
method does not always provide a sharp and precise pattern, especially small struc-
tures are more challenging to produce.

puPIPP is another PDMS stamp based method [21]. The stamp is placed onto the
substrate to exclude the desired structures from passivation. For passivation, the
surface is oxygen plasma treated to activate the surface to promote the binding
of poly-l-lysine (PLL), which is coupled to PEG. Upon removal of the stamp, the
non-passivated areas can be coated with a protein to ensure cell adhesion. This
technique has the advantage, that the patterned structures are visible in phase con-
trast imaging, while pCP and photopatterning methods rely on fluorophore labeled
protein coatings.

Due to the fact that the stamps of the desired structures have to be fabricated in
advance, changing the geometry is time consuming. As a result, photopatterning
techniques have gained attention in recent years [22,|132,/133]. As a first step, the
surface of the substrate is passivated with an anti-fouling component in a two-step
process. PLL is incubated on the substrate. Following this, the surface is coated
with Polyethylene Glycol-Succinimidyl Valerate (PEG-SVA). PEG-SVA can form
covalent amide bonds with the amine groups of the PLL through its succinimidyl
ester group. This layer serves to prevent cell adhesion due to PEG’s hydrophilicity
and resistance to protein adsorption. In order to selectively remove the passivation,
a photoinitiator in form of a water-soluble benzophenone (i.e. 4-benzoylbenzyl-
trimethylammonium chloride - PLPP) is added. The substrate is then selectively
illuminated by light emitting in an absorption band of benzophenone. For instance,
emitting with a wavelength of 375 nm (UV). This illumination activates the ben-
zophenone in the photoinitiator and triggers the photo-scission mechanism, leading
to a cleavage of the amid bonds of the PEG-SVA-PLL layer [134]. In the following,
those areas can be coated with ECM proteins for cell attachments. The UV light can
by spatially modulated by deploying digital micromirror devices (DMD), enabling
fast and precise patterning methods for many different and complex structures [23].
Moreover, the protein density depends on the illumination dose, which can be easily
controlled.

In this thesis, a photopatterning technique with a UV laser and the PRIMO (alvéole)
system is used. The technique and the resulting micropattern is shown in Fig. [3.1]
As soon as cells adhere to the micropattern, they can adapt to the shape of the
structure.

Smaller structures, such as rectangles, triangles or crosses, which accommodate only
a single cell, are commonly employed to investigate phenomena like gene expression,
cell death, or the cytoskeleton [103}|135-137]. Furthermore, these confined microen-
vironments allow for precise and focused examination of individual cellular behaviour
in response to certain drugs or gene manipulations [138]. For studying cell migra-
tion, many different micropatterned structures have been employed [139-141]. Most
prominent are long, thin lanes, where cell movement is restricted to one dimen-
sion [12,|127,/142]. This simplifies the analysis and allows for precise measurement
of cell motility and actin network dynamics. Moreover, the adhesiveness of cells to
certain ECM proteins can be studied by varying concentration and/or changing the
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3.1 Micropatterning for Cell Migration

coating protein. By increasing the size of the patterns, collective migration can be
investigated.
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Figure 3.1: Micropatterning method using the PRIMO device. A) 1) Passivation is
done on COC-substrates through a PLL-PEG-SVA coating. 2) PLPP is applied as
a photoinitiator. 3) The UV light, directed by the PRIMO module, activates the
PLPP resulting in the cleavage of the PLL-PEG-SVA layer. 4) The patterned areas
can be coated with a protein to increase adhesiveness. B) Exemplary image of the
pattern with adherent cells.

Advantages of a Dumbbell Pattern

In this thesis, a two-site pattern with a dumbbell shaped geometry is used in order
to study single cell dynamics and the cell-cell interaction behaviour between two
cells ,. In further sections this micropattern will be referred to as the dumbbell
pattern. The dumbbell consists of two 35 um squares connected by a 7 um wide and
40 pm long bridge. An image of the dumbbell structure is shown in Fig. [3.IB. In
studying single cell dynamics, the dumbbell pattern functions as an invasion assay.
A cell can either rest on one of the island or transition over the bridge into the op-
posite. Thus, the cell in the dumbbell pattern can be in a rest state (e.g. sitting on
an island) or in a dynamic state (e.g. transitioning over the bridge). The frequency
of transitions between the islands can serve as an indicator of invasiveness. Further-
more, the dumbbell pattern allows for precise tracking of the cellular velocity and
acceleration.

When exploring interactions between two cells, the geometry of the dumbbell pat-
tern induces head-to-head collisions, leading to specific responses based on the cell
type involved. In this regard, the dumbbell pattern acts as a two-cell collider, facili-
tating high-throughput analysis of collision behaviour between cells. This innovative
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approach provides significant insights into the fundamental dynamics governing cell
motility and interaction, crucial for understanding more complex cellular behaviours
in physiological and pathological contexts.

3.2 Light Microscopy

Light microscopy is a fundamental tool in biological research, providing insight
into the structure, dynamics and behaviour of biological samples. This imaging
technique uses visible light to illuminate samples, allowing researchers to observe
cellular and subcellular structures in great detail [143]. Light microscopy spans
different modalities, each tailored to specific applications and sample types. One of
the most commonly used forms of light microscopy is brightfield microscopy (BF),
in which samples are illuminated from above or below. The image is then created
by collecting the transmitted or reflected light. The contrast in the image is formed
by absorption of light in denser areas of the sample. This method uses a relatively
simple optical setup and does not require special sample preparation or staining.
However, low contrast in weakly absorbing samples and blurring of out-of-focus
material are the limitations on this technique [144}145].

Phase contrast microscopy (PC) is a technique employed to increase the contrast
of images of transparent and colourless samples. This method effectively converts
phase shifts resulting from differences in optical path length into amplitude shifts,
which are perceptible to the human eye. To effectively separate and manipulate
the illuminating light from the scattered light after interacting with the sample, a
slightly modified setup compared to brightfield microscopy is required. A condenser
annulus is positioned in the front polar focal plane to focus the light onto the
sample. The light passing through the sample remains undeviated, while light that
is diffracted and phase shifted by structures within the sample undergoes changes in
phase. To enhance image contrast, constructive interference is generated between
the diffracted and undeviated light. This is achieved by passing the background
light through a phase ring, which shifts the light by one-quarter wavelength.
Focusing the light on the image plane now causes destructive or constructive
interference between diffracted and undeviated light resulting in darker or brighter
regions in the sample compared to the background [146}/147].

Another powerful technique for generating contrast is fluorescence microscopy.
This method utilises fluorescent molecules to label and visualise specific proteins
or structures within the cell. When excited by light of a specific wavelength,
these fluorescent molecules emit photons with a higher wavelength, providing
contrast in the image. By employing different fluorescent molecules, multiplexing
becomes possible, enabling the precise detection of multiple targets simultaneously.
Furthermore, the development of synthetic molecules and the use of genetically
encoded fluorescent proteins, such as those tagged with green fluorescent protein
(GFP), allow for long-term live imaging of cellular dynamics with high spatial and
temporal resolution [148,149]. Additionally, many super-resolution techniques rely
on the utilisation of fluorescent molecules within the cell [150H153].
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3.3 Confocal Microscopy

3.3 Confocal Microscopy

Confocal microscopy was developed to enhance the optical resolution and contrast of
images from cellular samples. This technique enables the imaging of optical sections
from thicker specimens, while creating sharp images of the exact plane of focus.
This is achieved by using a spatial pinhole that effectively blocks out-of-focus light
from the background or other regions of the specimen. By stacking several images
at different depths of a sample, a 3D image can be reconstructed and analysed. The
main principle of a confocal microscope is outlined in Fig. [3.2]
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Figure 3.2: Confocal ligth path. The excitation light is shown in green and the
emission light in dark red. Only in-focus-light passes through the pinhole aperture
and reaches the detector.

An excitation source, typically a laser system, emits coherent light that passes
through a pinhole aperture located in a plane conjugate to the scanning point on
the specimen. The laser light is reflected by a dichroic mirror and focused by the
objective lens onto a specific point at a certain depth within the specimen. This
interaction induces the emission of fluorescent light from the focus point. The emit-
ted light is collected by the same objective lens and directed back towards a second
pinhole aperture located in front of a detector.The pinhole is strategically placed
at a confocal plane, allowing only light emitted from the exact focal point to pass
through to the detector. Light originating from out-of-focus areas of the specimen
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will not be in focus at the pinhole and is thus blocked, preventing it from reaching the
detector. This selective detection is crucial for enhancing image clarity and depth
resolution. The detector, which is highly sensitive, is typically a photomultiplier
tube (PMT) or an avalanche photodiode that converts the light into an electrical
signal. This signal is then used to construct an image representing the optical sec-
tion of the specimen [154-156].

A recent advancement in confocal microscopy is the development of a novel detector
concept known as Airyscan, that significantly improves the resolution and sensitivity
of imaging beyond the limits set by traditional confocal systems. The main principle
is the implementation of a 32-channel gallium arsenide phosphide photomultiplier
tube (GaAsP-PMT) area detector that captures a pinhole-plane image at every scan
position. The Airyscan detector is placed in the conjugate focal plane and consists
of a hexagonally packed detector array. In traditional confocal microscopy, higher
resolution is typically achieved by decreasing the size of the pinhole. The diameter
of the pinhole is usually set to one Airy Unit (AU), corresponding to the diameter
of the central Airy disk of the diffraction pattern. Reducing this to 0.2 AU can in-
crease spatial resolution by approximately 1.4x. However, this reduction leads to a
substantial decrease in the amount of signal reaching the detector, impacting image
quality due to lower light throughput. The Airyscan approach addresses this issue of
retaining a high signal-to-noise ratio while also achieving a higher resolution. Each
element in the detector array functions as a small 0.2-AU pinhole, arranged in a cir-
cular geometry that collectively covers a total detector area equivalent to 1.25 AU.
This configuration not only allows for higher spatial resolution, akin to imaging with
a 0.2 AU pinhole, but it also captures up to 50% more light compared to the con-
ventional single-pinhole setting of 1 AU. Consequently, this leads to a significantly
higher signal-to-noise ratio. By employing this method, the Airyscan technology
effectively improves lateral resolution by up to 1.7 times and axial resolution by up
to 1.4 times compared to standard confocal techniques [157,/15§].
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4. Single Cell Dynamics

Investigating cell dynamics is essential in understanding complex processes in tissue
development, remodelling and cancer progression. In the field of single cell migra-
tion, various aspects have already been analysed to understand the behaviour and
mechanics of individual cells as they migrate. For instance, the mechanical prop-
erties of migrating cells, such as cell stiffness, adhesion dynamics, and cytoskeletal
organisation, have been investigated to understand how cells move and change shape
during migration [139}/159,/160]. Other studies focused on the complex network of
biochemical pathways and signalling events that regulate and coordinate the migra-
tion process at the molecular level. For instance, the control of the polymerisation
and depolymerisation of actin filaments is carried out through proteins like Rho
GTPases, such as Racl, Cde42, and RhoA [9,/10,/161]. In various studies, the cell
motility is restricted to 1D motion in order to simplify the analysis by avoiding
shape changes and to reduce the variety of migratory cell states. The analysis of
the cellular trajectories on 1D lanes including speed, directionality, and persistence,
has provided insights into the dynamics of single cell migration in different contexts.
For example, Maiuri et al. analysed individual cell trajectories on 1D adhesive lanes
across b4 different adherent cell types, revealing a universal coupling between cell
speed and persistence (UCSP) [12,/40].

However, in more complex physiological contexts such as metastasis, cells cannot mi-
grate on a straight line, but instead must navigate through tissues or pores to enter
the bloodstream, facing higher degrees of confinement. Studies suggest that confined
migration can enhance cancer metastasis by promoting increased invasiveness [162],
highlighting the importance of understanding migratory behaviours within physio-
logically relevant environments that mimic tissue architecture.

The migratory behaviour of cells appears to be closely linked to their phenotype
[163]. For example, during EMT, epithelial cells undergo changes in cellular mor-
phology, molecular profiles and dynamic behaviour, acquiring motile and invasive
characteristics essential for processes such as embryonic development, wound heal-
ing, organogenesis, and cancer progression [84,164}|165]. Therefore, deciphering how
these phenotypic traits relate to the dynamic behaviour of individual cells is crucial
for understanding cellular functions and responses in various biological contexts.

To address the challenges discussed, a recently introduced dumbbell-shaped mi-
cropattern is employed to study the cell dynamics and invasiveness of various differ-
ent motile cell lines [24]. The focus of this study is to investigate whether cellular
dynamics can be used to quantitatively describe and identify phenotypic character-
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4. Single Cell Dynamics

istics in distinct cell types. To achieve this, we utilise cell lines with an epithelial
or a mesenchymal phenotype and induce perturbations targeting specific pheno-
typic characteristics for further analysis. This approach allows us to examine how
changes in cellular behaviour correlate with distinct phenotypes and how pertur-
bations affect these dynamics. Specifically, we will focus on the influence of the
epithelial-to-mesenchymal transition (EMT) on single cell dynamics.

The majority of the results presented in this chapter are published in Publication
[P2]. The influence of EMT, specifically the miRNA200c, on cell invasiveness and
dynamics is described in Publication [P1] [166].

4.1 Dependency on Phenotype

The different cell lines are cultured and seeded on the dumbbell pattern. Once the
cells adhere to the patterns, they establish a front-rear polarisation and begin to
form elongated protrusions that span over the bridge between the squares. In order
to transition over the bridge, the cells assemble long stress fibers and the protrusions
grow into a fan like shape as visible in Fig. [£.TJA. The branched actin polymerisation
at the tip of the protrusion pushes the plasma membrane forward, ultimately re-
sulting in a transition of the cell from one island across the bridge onto the opposite
island. During that transition over the bridge, the nucleus is deforming and adapts
an elongated shape. The cell is capable to extend its size across the whole pattern
with extending membrane ruffles reaching the corners of the islands as shown in Fig.

Figure 4.1: Actin distribution in different cell lines in confinement. F-actin fibers
(green) in A) a MCF10A cell or B) a MDAMB231 cell confined on a dumbbell
pattern. Scale bar is 25 pm and the nucleus is stained in blue.

In order to explore the variations in single cell dynamics on a dumbbell pattern, a
range of various motile cell lines across human tissue have been measured.

The triple negative breast cancer (TNBC) cell lines MDAMB231 and MDAMB436
(or short MDA231, MDA436) lack the receptors for the hormones oestrogen and
progesterone, as well as the Human Epidermal Growth Factor Receptor 2 (HER?2)
commonly found in breast cancer. This form of cancer is challenging to treat since
hormone therapy does not work on these types of cancer. Additionally, TNBCs are
highly metastatic and aggressive. The cells are characterised by a spindle like mor-
phology and they rarely form adhesive bonds between each other. This is partly due
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4.1 Dependency on Phenotype

to the fact that they do not express the adhesion protein E-Cadherin, MDAMB231
cells also do not express N-Cadherin (Fig. 1.2B).

The fibrosarcoma cancer cells HT1080 are also characterised by a lack of E-Cadherin
expression. While some adhesive bonds between the cells are present, it is not enough
to build stable monolayers (Fig. [£.2]A). This form of cancer has a high metastatic
potential and is often used in migration studies.

The lung cancer cells Ab49 express both Cadherins and show a more round mor-
phology with the ability to form stable adhesions and therefore maintain and grow
as a monolayer. The metastatic potential of these cells is low.

The non cancerous human breast cell line MCF10A expresses high level of E-
Cadherin and forms stable monolayers (Fig. [4.2)). All cell lines express the type
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Figure 4.2: Phenotypic characteristics in various cell lines. A) Brightfield images of
the different cell lines growing in culture. B) Exemplary western blots for the pro-
teins E-Cadherin, N-Cadherin and Vimentin. For loading control the housekeeping
protein -Actin was employed and for Vimentin a ponceau staining to determine
total protein concentration was used. C) Western blot analysis of protein expression
levels N-Cadherin, E-Cadherin and Vimentin of the different cell lines normalised
to the expression in A549 cells. Three independent replicates were conducted for
the Cadherins and one for Vimentin. Error bars indicate mean + SD of triplicate
measurements.

IIT intermediate filament (IF) protein Vimentin (Fig. & C).
The TNBC cell lines and HT1080 cells are traditionally classified as mesenchy-
mal due to their absence of E-Cadherin, high motility, and inability to form stable
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adhesions. Ab549 and MCF10A cells are characterised as epithelial by their high
expression of E-Cadherin and the ability to form stable adhesions. However, it is
noteworthy that Ab49 also express high levels of N-Cadherin, which is often associ-
ated with a mesenchymal phenotype. In table the characteristics of the cell lines
and their EMT protein expressions are listed.

Cell line origin | pheno-| invasive | E-Cadherin | N-Cadherin | Vimentin
type | potential
MCF10A breast E low +++ + +
tissue
Ab49 lung E low ++ +++ +
cancer
HT1080 fibro- M high - ++ ++
sarcoma
MDAMB436| breast M high - +++ ++
cancer
MDAMB231| breast M very high - - 44+
cancer

Table 4.1: Summary of the cell line characteristics.

To analyse the single cell dynamics and the invasive potential of these cell lines,
the cell nucleus is tracked for up to 48h. The array of dumbbell patterns allows
for high-throughput data collection, yielding hundreds of trajectories for a detailed
analysis of the cell dynamics. Exemplary time-lapse series for each of the cell lines
are shown in Fig. [4.3A.

The epithelial cell lines MCF10A and A549, exhibit a lower frequency of transitions
between the islands and typically require more time to cross the bridge compared to
the mesenchymal cell lines. This observation is also visible in the one dimensional
trajectories shown in Fig. [£.3B. In Fig. the two dimensional trajectory is
plotted inside a dumbbell outline. This depiction clearly visualises the differences
between the cell lines: mesenchymal cells frequently move back and forth across the
bridge, while epithelial cells primarily navigate within the islands.

We now employ the theoretical framework developed by Briickner et al. to quanti-
tatively describe the cell migration behaviour of our cell lines [24].

When examining the occupation probabilities, cell lines show an equal distribu-
tion across both islands (Fig. [£.4]A). The mesenchymal cell lines (MDAMB231,
MDAMB436, HT1080) frequently transition over the narrow bridge, while the ep-
ithelial cell lines (A549, MCF10A) stay longer on one island before transitioning.
This is quantified with the dwell time 7, defined as the time spend on one island
between two subsequent transitions (Fig. , filled bars). The frequency of the
hopping events varies not only between different cell types, but also shows a large
variability between cells from the same cell line due to cell-to-cell variations. Thus,
this cellular hopping behaviour was found to be a stochastic process and the result-
ing pattern appeared to be cell-line-specific and characteristic.
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Figure 4.3: Tracking single cell dynamics on dumbbell patterns. A) Time-lapse
series of five distinct cell lines on the dumbbell spanning a 250 min time frame. The
nucleus is depicted in blue, and the pattern is outlined for better clarity. The scale
bar is 25 pm. B) Three trajectories in 1D for each cell line. C) One exemplary
trajectory of each cell line shown in 2D inside the dumbbell pattern.

To quantify the transition dynamics, the survival probability S(t) that a cell has
not completed a transition after a given time, is computed for each single cell and
all different cell lines. The survival probability decreases monotonically with time,
however there is a discrepancy between the epithelial and mesenchymal cell lines
(Fig. ) The epithelial cells show lower probability to transition, which points
at a lower invasive potential in those cells.

Briickner et al. established a quantitative theoretical model for stochastic cell mi-
gration within the dumbbell structure. A stochastic equation of motion is utilised,
which subdivides the dynamics into deterministic and stochastic contributions in
the position—velocity phase space :

dv

o = Fla.o) + oz (). (4.1)
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Figure 4.4: Single cell dynamics on the dumbbell. A) Probability distribution of
the nucleus position inside the dumbbell over time for the different cell types. Solid
lines show experimental data and dotted lines show the prediction of the inferred
underdamped description. B) Average dwell times for the different cell lines, filled
bars are experimental data and empty bars model data. Error bars show the error
of the mean (s.e.m) obtained from bootstrapping. C) Survival probability of all
considered cell lines, that describes how likely it is that a cell has not made a
transition after time t. Again, solid lines show experimental data and dotted lines the
prediction of the inferred underdamped description. D) Inferred effective force F(x,v)
for all five cell lines. F(z,v) describes the average acceleration of a cell nucleus given
at a certain position x and velocity v. Positive values indicate positive accelerations.
The white lines display trajectories of the deterministic dynamics and black dashed
lines mark the area of the bridge.

The deterministic term F(z,v) describes the prototypical behaviour of a cell and
the stochastic term o(x,v)n(t) describes the cell-cell variability and the intrinsic
stochasticity of cell movement in the dumbbell pattern.

In order to assess whether this model effectively captures the system-level dynamics
of the five phenotypically different cell lines employed in this study, the terms of the
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equation are directly inferred from the experimental trajectories [24]. For this, 50%
of the experimental data is used in the inference process to ”train” the model and
then compared to the remaining 50% of the data. By simulating trajectories using
the inferred equation of motion, the predictive capability is tested. The model is in
good agreement with the experimental data of the dwell time, the survival proba-
bility distributions and the occupation probability distribution ( Fig. empty
bars and Fig. dotted lines).

The effective force F(x,v) describes the deterministic contribution of the the nucleus
acceleration in the micropattern at any given position and velocity. A closer look
at the phase-space maps of F(z,v) (Fig. [£.4D) and the deterministic trajactories
(white lines) show the differences in the dynamics of the five cell lines. The cells
(except Ab49 cells) drive themselves deterministically into the bridge indicated by
the positive acceleration (red region) around z=0 at positive velocities. The epithe-
lial cell lines MCF10A and A549 exhibit two stable fix points on either side of the
bridge, indicating excitable bistable dynamics. In other words, the cells only ran-
domly hop between the islands, with the hopping events initiated through stochastic
noise. The mesenchymal cell lines, exhibit deterministic oscillatory motion on the
pattern, indicating limit cycle dynamics. Here, limit cycle oscillations describe how
cells repeatedly and deterministically hop between the two islands as also visible in

their trajectories (Fig. [4.3B).

In summary, a notable difference in dynamics between epithelial and mesenchymal
cells on the dumbbells is observed. The dwell times of the mesenchymal cells are
significantly lower than for the epithelial cells, which is also reflected in the survival
probabilities. The phenotypic differences are further highlighted by analysing the
inferred single-cell behaviour in phase-space. Epithelial cells show two stable fixed
points and primarily exhibit a bistable hopping behaviour, remaining largely within
their island and only occasionally escaping the fixed points due to noise. In con-
trast, mesenchymal cells frequently transition back and forth and display limit cycle
oscillations.

4.2 Influence of EMT

To investigate whether the distinct dynamics observed between epithelial and mes-
enchymal phenotypes are inherent traits, we will explore the relationship between
phenotypic shifts and changes in cellular dynamics. Specifically, we aim to deter-
mine if a switch in phenotype correlates with a switch in dynamic behaviour. To
achieve this, we study the effect of EMT on the cell dynamics.

EMT is a reversible biological process in which epithelial cells transform into mes-
enchymal cells. During EMT, there is activation or silencing of various genes, leading
to a loss of adhesion properties, cell polarity, and an enhanced migratory capac-
ity [164,/167]. It has been shown that EMT changes the coordinated interaction
behaviour of epithelial cells to that of more individually migrating cells [164]. One
of the key features of EMT is the downregulation or complete loss of the epithelial
marker E-Cadherin. E-Cadherin is responsible for calcium-dependent cell adhesion,
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and its loss is associated with breast cancer progression [83].

As quantified by western blot (Fig. [1.2B-C) the epithelial cell lines MCF10A and
A549 express E-Cadherin, while it is absent in the mesenchymal cells. Interestingly,
these cell lines also exhibit different single cell dynamics, raising the question to
what extend E-Cadherin is involved in regulating the single cell dynamics.
Therefore, the influence of E-Cadherin on single cell dynamics is analysed by block-
ing the protein with an antibody in MCF10A cells. In contrast, in MDAMB231
cells, lacking E-Cadherin, expression is re-introduced through mRNA transfection
with mRNA encoding for E-Cadherin. E-Cadherin expression is visualised in Fig.
[1.5A-B in MCF10A and MDAMB231 mRNA-ECadherin (MDAMB231 +ECad)
cells in wvitro without a micropattern. When transfecting MDAMB231 cells with
E-Cadherin-GFP mRNA, the cells express the protein and are able to build cell-cell
adhesions. This is further underlined by the observation of protein clustering at cell
contact sides.

A B

Figure 4.5: E-Cadherin expression. A) Fluorescence images of E-Cadherin (green)
distribution in MCF10A cells. B) MDAMB231 cells after transfection with GFP
tagged E-Cadherin mRNA. Nuclei are stained in blue. Scalebar is 200pm.

To analyse the impact on E-Cadherin on the cell dynamics, the perturbed cells
are placed on the micropattern. Interestingly, the MCF10A cells with blocked E-
Cadherin (MCF10A +ECad-AB) seem to behave similarly to the MCF10A cells.
The statistical analysis of cell trajectories revealed subtle changes in cell behaviour,
particularly a slight increase in average dwell times, indicating that cells take longer
before transitioning between states. This behaviour is further supported by a small
increase in survival probability (Fig. -B). The deterministic dynamics of the
MCF10A +ECad-AB cells still show a excitable bistable hopping behaviour (Fig.
[1.6[C). This indicates that the loss of E-Cadherin does not impact the single cell
behaviour in MCF10A cells.

Since E-Cadherin is a known tumour suppressor, we want to analyse its impact on
the invasive behaviour of MDAMB231 cells as indicated by the repeated hopping
behaviour. In the transfected MDAMB231 cells (MDAMB231 +ECad) a slight de-
crease in the dwell times is observed (Fig. [£.6]A). The survival probability however is
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nearly identical with the unperturbed MDAMB231 cells (Fig. ) Interestingly,
the dynamics of the cells as determined by the inferred single cell term F(x,v) does
change (Fig. 4.6C). Instead of limit cycle oscillations, the MDAMB231 +ECad cells
now exhibit an excitable bistable behaviour similar to the MCF10A cells.

However, there is a notable discrepancy between the model results and the ex-
perimental data, particularly evident in the dwell times and survival probabilities.
This discrepancy may arise from the relatively limited experimental data available
for the MDAMB231 +ECad cells compared to the other perturbations (40% less
trajectories). To address this issue and draw more robust conclusions, additional
experiments need to be conducted.
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Figure 4.6: Influence of EMT on single cell dynamics. A) Average dwell times
derived from the different perturbations, filled bars are experimental data and empty
bars model data. FError bars show the error of the mean (s.e.m) obtained from
bootstrapping. B) Survival probability of the different perturbations, that describes
how likely it is that a cell has not made a transition after time t. Solid lines
show experimental data and dotted lines the prediction of the inferred underdamped
description. The colour code for the different cell lines and perturbations is shown
underneath A) and also applies for B). C) Inferred single cell behaviour in phase
space of the cell lines. Heat map indicates the inferred single cell term F(z,v)
describing the deterministic part of the inferred underdamped Langevin equation.
The white lines display trajectories of the deterministic dynamics and black dashed
lines mark the area of the bridge.

Furthermore, it is essential to exclude any potential effect of the transfection pro-
cess itself on confined cell motility, as the transfection reagent can be toxic to cells
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4. Single Cell Dynamics

and could impact cell behaviour. Therefore, we conducted a control experiment to
test the effect of the transfection on the cells using GFP-mRNA. We employed the
same ratio between mRNA and transfection reagent in order to achieve comparable
conditions. The analysis of the MDAMB231-GFP cells revealed no relevant devia-
tion from the wildtype MDAMB231 experiments, indicating that the effects of the
transfection are negligible.

In summary, we discovered that E-Cadherin might have in impact in decreasing
the invasive behaviour observed in MDAMB231 cells, while its loss does not induce
an invasive behaviour in MCF10A cells. Those findings might seem contradictory,
however, it is important to note that the loss of E-Cadherin alone is not sufficient
to induce EMT and a phenotypic shift in the cells. Consequently, our next step
aims at inducing such a phenotypic shift in MCF10A cells to investigate how this
complex transition impacts the single cell dynamics.

In MCF10A cells, the EMT program can be initiated by TGF/3. This leads to a
decrease in the epithelial marker protein E-Cadherin and in an increase in mes-
enchymal marker protein N-Cadherin (Fig. ) Furthermore, the cells change
their morphologies to a more spindle-like shape (Fig. [1.7B).
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Figure 4.7: A) Western Blot of the proteins E-Cadherin and N-Cadherin in MCF10A
cells with and without TGF S treatment. A decrease in E-Cadherin and an increase
in N-Cadherin is observed. B) i) Brightfield image of confluent MCF10A cells after
7days of TGFS treatment. ii) Brightfield image of confluent MCF10A cells after 7
days in culture without treatment. Morphological changes in the treated cells are
observed. Scalebar is 200 pm. Figure adapted from [P2].

The TGFf treated MCF10A cells show a decrease in average dwell time as well as
a higher probability to make a transition (Fig. [4.6]A-B). Nonetheless, induction of
EMT in MCF10A cells does not switch the cellular dynamics from a bi-stable hop-
ping behaviour to limit cycle oscillations similar to MDAMB231 cells (Fig. [.6C).
This outcome may be attributed to the presence of E-Cadherin on the MCF10A cells,
because despite morphological changes, cells still form adhesion between neighbours
in confluent cell layers (Fig. . It is plausible that the cells did not fully transition
into the mesenchymal state. Numerous studies have highlighted that, contrary to
the classic view of EMT as a binary process with distinct epithelial or mesenchy-
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4.3 Influence of the MiRNA200c

mal states, the transition involves epithelial cells traversing through a spectrum of
intermediate states with varied functions and properties |168-170].

4.3 Influence of the MiRNA200c

A critical regulator of EMT is the intricate double negative feedback loop involving
several miRNAs such as the miRNA200 family or miRNA34 family, and transcrip-
tion factors (e.g., Zebl/2, SNAIL, Slug) (Fig. [2.4B). These small non-coding RNAs
can bind to multiple mRNAs, leading to their degradation or inhibition of transla-
tion, while the transcription factors control transcription rates by binding to specific
DNA sequences, thereby regulating gene expression.

Now, our goal is to investigate the impact of miRNAs on cell dynamics to pro-
vide insights into the molecular mechanisms underlying cell behaviour changes as-
sociated with cancer metastasis and other pathological processes. Specifically, the
miRNA200c, which has been thoroughly investigated, is known to play a pivotal role
in various tumorigenesis processes, particularly in EMT [138}|171}/172]. To unravel
the underlying mechanisms of the negative feedback loop regulation, we investigate
the miRNA / ZEB axis shown in Fig. and its effect on cell motility in two cell
lines on the dumbell pattern.

The MDAMB231 cells were genetically modified with a TRIPZ-construct to se-
lectively induce miRNA200c expression upon treatment with doxycycline (DOX).
Notably, the construct is labeled with a fluorophore (RFP), and its intensity is
directly linked to miRNA200c expression levels (Fig. 4.8A-B). To account for po-
tential side effects of the construct and the antibiotic treatment, an empty sequence
has been stably introduced into the MDAMB231 cells, creating the control cell line
MDAMB231 TRIPZ Ctrl. Further experimental details can be found in [138]. The
second system used to study the influence of miRNA200c on invasive properties, is
the breast cancer cell line MCF7. Those cells are non metastatic with a low invasive
potential. However, due to epigenetic modifications the ZEB / E-Cadherin axis is
dormant in those cells, although they express the miRNA200c. A genomic knockout
(KO) for miRNA200c was performed in the cells to create the MCEF7 miRNA200c
KO cell line.

On the dumbbells, the uninduced MDAMB231 miRNA200c cells (-DOX) still fre-
quently transition between the islands, also evident in their trajectories (Fig. [£.8C).
The induced MDAMB231 miRNA200c cells (+DOX) fluoresce with RFP and tend
to transition less. They also need longer times to cross the bridge (Fig. [1.8C).

The MCF7 cells are not motile on the micropattern. As visible in Fig. the cells
stay on one side of the micropattern and do not transition, as evident in the straight
line marking the trajectories. Interestingly, the knockout of miRNA200c in these
cells did not increase the motility (Fig. [4.8D) in the dumbbells. However, other
assays performed in [P1], such as scratch assays, showed a significant difference in
the average motility between MCF7 and MCF7 miRNA200c KO, especially at low
confluence [166]. Additionally, the quantitative analysis of a transwell assay revealed
that the relative migration of MCEF7 miRNA200c KO cells significantly increased by
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Figure 4.8: Modification of miRNA200c expression in two cell lines. A) TRIPZ
miRNA200c construct in MDAMB231 cells, reprinted from [138] with permission.
B) Fluorescent expression in MDAMB231 miRNA200c cells after induction with
various doxycycline concentrations for 72h. At 5 pg/ml saturation is reached. C)
Time-series and exemplary trajectories of MDAMB231 cells without induction of
miRNA and with miRNA (indicated with red staining). D) Timeseries and exem-
plary trajectories of MCF7 cells and MCF7 miRNA200c KO cells. Scalebar is 25
pm. Adapted from [P1].

1.5-fold compared to the wildtype . These results are contrary to the findings
of the dumbbell assay, where the lack of miRNA200c in MCF7 cells did not affect
the invasive ability of those cells. This discrepancy might indicate to an inability of
MCEFT cells to move in a micropatterned confinement. To verify this, both MCF7
cell lines where placed in rectangular patterns (110 um x 35 pum) with varying pro-
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4.3 Influence of the MiRNA200c

tein coatings (fibronectin, laminin or collagen). However, the cells did not show an
increase in motility and predominantly remained in a resting state. Therefore, the
stochastic analysis of cell dynamics was only conducted in the motile MDAMB231
miRNA200c¢ cells.

The quantitative analysis of the cellular dynamics of the MDAMB231 construct cells
confirmed the differences already observed in the time-series and trajectories of the
cells. MDAMB231 (+Dox) cells showed an approximately two-times lower proba-
bility to make a transitions after a time ¢ as indicated by the survival probability

in Fig. [LIA.
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Figure 4.9: Influence of miRNA200c on single cell dynamics. A) Survival probability
of the MDAMB231 construct cells, that describes how likely it is that a cell has not
made a transition after time t. Solid lines show experimental data and dotted lines
the prediction of the inferred underdamped description. B) Average dwell times for
the induced cells (+DOX) and uninduced cells (-DOX). Both in B) and C) the filled
bars are experimental data and empty bars model data. Error bars show the error
of the mean (s.e.m) obtained from bootstrapping. C) Average speed of the induced
cells (+DOX) and uninduced cells (-DOX) while making a transition on the bridge.
D) Inferred single cell behaviour in phase space of the cell lines. Heat map indicates
the inferred single cell term F(z,v) describing the deterministic part of the inferred
underdamped Langevin equation. The white lines show deterministic trajectories
and black dashed lines mark the area of the bridge.

Furthermore, the dwell time of the MDAMB231 (+Dox) cells showed an approx-

imately 2-fold increase (4.9B). This correlates with less frequent transitions after
induction of the miRNA200c. Therefore indicating that the miRNA200c lowers
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the invasive potential in MDAMB231 cells. Additionally, we quantified the av-
erage speed of a cell during a transition on the bridge. We found an approxi-
mately two-fold decrease of the transition speeds upon induction of miRNA200c
(Fig. ) Moreover, the model can accurately predict the different survival prob-
abilities (Fig. , dotted lines), the dwell times and the average transition speeds
of the cells (Fig. , empty bars). To have a closer look at the dynamics in the
cells, the inferred deterministic force F(z,v) is plotted (Fig. [£.9C). From the deter-
ministic trajectories (white lines) a clear difference in the dynamics of MDAMB231
cells depending on miRNA200c expression is observed. The MDAMB231 cells with
miRNA200c change to a bistable hopping behaviour similar to the non cancerous
cell line MCF10A, which endogenously expresses high levels of miRNA200c. This
shift in cellular dynamics demonstrates the capacity of miRNA200c to change the
phenotypic migratory behaviour in a confining environment.

To exclude an effect of the miRNA200c-inducer DOX, the induced MDAMB231
control cells (TRIPZ Ctrl) were analysed under similar conditions. As expected, we
found that the behaviour of the induced control cells (TRIPZ Ctrl +DOX) is com-
parable with the behaviour of uninduced MDAMB231 miRNA200c cells (-DOX)
which is well described by limit cycle oscillations and is additionally comparable
with wildtype MDAMB231 cells. Thus, the treatment with DOX has in general no
influence on the migratory behaviour of MDAMB231 cells.

In summary, these results show that both transition frequency and transition speed
of migrating MDAMB231 cells decrease due to miRNA200c expression, indicating
that miRNA200c negatively affects the efficiency of confined cell migration, as well
as the invasive potential. The dynamics are now similar to that of the non-invasive

epithelial cell lines (Fig. [4.4)).

4.4 Discussion

In this chapter, we investigated the migratory behaviour of single cells from diverse
motile cell lines confined within a micropatterned environment. These cell lines can
be broadly categorised into two clusters: epithelial and mesenchymal. The differ-
ences in molecular composition, morphology and ability to form adhesions observed
in these cell lines, reflect the essential cellular diversity required in multicellular
organisms. Cells exhibit specialised functions and morphologies driven by intricate
genetic programs governing cell fate and differentiation, resulting in a multitude of
cell types with unique properties [173,/174].

Despite this diversity, when placed on the micropatterned dumbbells, the distinct
morphological differences between cell types become less apparent. Interestingly,
we observed that regardless of cell type, cells exhibited similar structural behaviour
when traversing the dumbbell. There was a consistent pattern of establishing a
front-rear polarity followed by the formation of protrusions at the entrance of the
bridge. These protrusions extended into a fan-like shape, reaching toward the unoc-
cupied island, which frequently resulted in a transition of the cell across the bridge.
This observed migration mechanism is not unique to our experiment, but appears to
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be widely universal across diverse cell types [12,175]. However, upon closer exami-
nation of the dynamics and transition statistics of the distinct cell lines, a notable
discrepancy emerged between cells exhibiting an epithelial-like phenotype and those
with a mesenchymal-like phenotype. Epithelial cells tended to spend longer periods
on the island in a rest state, whereas mesenchymal cells frequently transitioned back
and forth between the islands, primarily in a motile state.

To quantitatively analyse this behaviour, we employed a data-driven approach and a
theoretical framework capable to describe the stochastic migration of cells [24]. We
confirmed the robustness of this framework across various cell lines, demonstrating
its ability to accurately capture the distinct dynamical features of cell locomotion.
Furthermore, we discovered that almost all tested cell lines are deterministically
driven into the thin bridges. This deterministic driving facilitates a velocity am-
plification, ensuring a swift transition to the opposite side of the micropattern.
Moreover, the dynamics of the cell lines revealed either limit-cycle oscillations for
the mesenchymal cells and excitable bistable dynamics for the epithelial cells.
Interestingly, cell lines exhibiting limit-cycle oscillations are known to display high
invasiveness in several studies, whereas the non-invasive cell lines exhibit stable fix
points on the islands. This suggests the potential of the dumbbell system to mea-
sure and evaluate invasiveness in several cell lines. Additionally, the dumbbell assay
offers advantages over traditional in vitro invasion assays such as the transwell assay
or a Boyden chamber. For instance, the dumbbell assay has live-imaging capabilities
that allow for the direct detection and analysis of cellular dynamics.

Nonetheless, an intrinsic motility of the cell is a prerequisite for an accurate analy-
sis with the dumbbell assay. Several cell lines tested in this thesis, such as MDCK
(dog kidney cells), BEAS2B (non-cancerous lung cells), and MCF7 (non-metastatic
breast cancer cells), did not exhibit movement on the dumbbell and had to be ex-
cluded from the single cell analysis.

Furthermore, the dumbbell assays provides an optimal platform for studying cellular
locomotion at the molecular level by employing strategic molecular perturbations.
Surprisingly, we found that the loss of E-Cadherin in MCF10A cells did not affect
single-cell behaviour and dynamics, despite E-Cadherin being widely considered as
a suppressor of invasion and often found inactive in tumour progression [176,/177].
The cadherin adhesion complex plays a critical role in cellular functions by directly
interacting with the cytoskeleton, facilitating mechanosensing, force transmission,
and the regulation of microtubule stability. Loss of E-Cadherin disrupts these in-
teractions, leading to disturbances in cell polarisation and should subsequently alter
cell dynamics [178]. However, in isolated single cells such complexes cannot form,
which could explain the lack of observed changes in dynamics following the blocking
of E-Cadherin.

Furthermore, studies have reported that decreased expression of E-cadherin does not
always correlate with invasion in breast cancer cells [101]. Instead, N-cadherin is
implicated in increasing invasion and motility in breast cancer cells [179]. Therefore,
it would be of great interest to investigate the influence of N-Cadherin on single cell
dynamics.
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In order to transform the phenotype of MCF10A cells into a more mesenchymal like
state, we induced EMT via TGFf treatment. The TGFf treated MCF10A cells
showed an increased expression in N-Cadherin and a reduction in dwell times on the
island. However, despite the TGF/ induction aiming to transition MCF10A cells
from epithelial to mesenchymal states, we did not observe the oscillatory motion
previously detected in other mesenchymal cell lines. A plausible explanation could
be that EMT is a dynamic process rather than a bi-stable switch [168,170] and our
treated cells may be in an intermediate state rather than having fully transitioned
to a mesenchymal phenotype.

Lastly, we induced the miRNA200c in the invasive MDAMB231 and discovered a
shift from limit cycle oscillations towards a bistable hopping behaviour similar to
the non-invasive cell lines. This suggests that miRNA200c plays a pivotal role in
regulating confined cell migration and invasiveness. One possible explanation is
that miRNA200c induces changes in the cytoskeleton, resulting in reduced cellular
protrusions on the bridge and decreased intracellular forces that would enable the
nucleus to follow these protrusions onto the bridge. Filamin A is regulated by the
miRNA200c and its loss could lead to morphological changes and reduced cellular
motility [138]. Furthermore, the lack of miRNA200c increases the expression level
of Vimentin, which is associated with a promotion of cell migration [180}/181]. To
disentangle the role of miRNA200c further research is needed due to the fact that
miRNA is involved in a variety of complex molecular pathways. Nonetheless, it
can be concluded, that miRNA200c negatively affects the invasive capabilities of
MDAMB231 cells.

In summary, the study of single-cell migration in a dumbbell-shaped micropattern
revealed different dynamical patterns for distinct phenotypes. Moreover, the dumb-
bell assay and the theoretical framework developed by Briickner et al. proved robust
for a variety of distinct motile cells and can be effectively combined with molecular
perturbations to uncover fundamental principles governing cell migration dynamics,
such as the influence of specific molecular components on cell behaviour and the
underlying mechanisms of cell movement.
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5. Dynamics of Cell-Cell Interac-
tions

As a next step in unveiling the physical mechanisms behind cellular dynamics and
behaviour in confinement, we utilise the dumbbell system to study the interaction
behaviour of two cells. The shape of the micropattern enforces repeated head-to-
head collision, leading to a large data set of cell-cell interactions.

Cellular interactions are an essential part in various aspects of the body and influ-
ence a multitude of physiological processes [4,6}(77]. Impairments or dysfunctions
in these interactions can lead to a variety of diseases and are often observed in the
progression of cancer [182,|183]. Upon contact, a multitude of signals are converged
between the cells, enabling a coupling of the two migratory machineries. Such in-
tercellular processes are mediated by a wide range of different surface proteins. For
instance, the adhesion protein E-Cadherin enables force transmission between the
cytoskeletons, while the Eph-ephrin systems is involved in cell recognition during
contact inhibition of locomotion (CIL) [81},[101]. Furthermore, the regulation and
alteration of cell polarity during cell-cell interactions depend on a complex network
of surface proteins that signal downstream to the cytoskeleton. The diversity of
surface proteins and active signalling pathways present on various cell types con-
tributes significantly to the variability in cell-cell interactions. However, it appears
that the fundamental migration mechanisms employed by many cells is largely uni-
versal [12]. This universality in cell migration mechanisms raises the questions of
whether there are also universal cell-cell interaction mechanisms that account for
the diverse range of behaviours observed among distinct motile cells. Understand-
ing these mechanisms could reveal common principles that dictate how cells interact
in various physiological and pathological contexts.

In previous work, Briickner et al. investigated two distinct cell lines in the ’cell
collider” to analyse cell-cell interactions. They developed a theoretical framework
for inferring cell dynamics directly from experimental data (detailed description in
section [25]. In this chapter, we will extend this investigation by utilising a
diverse array of cell lines with distinct phenotypes, varying in morphology, adhesion
capabilities, and surface protein expression, as illustrated in Fig. [1.2]

Most of the results presented in this chapter are content of Publication [P2].
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5.1 Cell-Cell Interactions Across Various Cell
Types

To explore the cell-cell interaction behaviours of several motile cell lines, we em-
ploy the previously used dumbbell shaped micropattern as a minimal cell collider.
(Fig. [p.1JA). Cells are seeded on the pattern and after cell division, the nuclei of
the mother-daughter cells are tracked over 48h. This process generates a substantial
dataset of one-dimensional trajectories, with examples depicted in Fig. [5.1B. Analy-
sis of these trajectories allows us to identify three distinct types of interaction events:
reversal, sliding, and following. During reversal events, also known as contact in-

A

MCF10A A549 HT1080 MDAMB436 MDAMB231

position x

time t

Figure 5.1: Tracking of cell-cell interactions on the dumbbell pattern. A) Time-lapse
series of the five distinct cell lines on the dumbbell pattern, spanning a 100 min time
frame. The nuclei are depicted in blue, and the pattern is only outlined for better
clarity. Scale bar is 25 um. B) Three exemplary trajectories in 1D for each cell line.

hibition of locomotion, cells come into close contact before reversing and polarising
away from each other. For instance, in Fig. the HT1080 cells are performing
a reversal event. The other prominent interaction mechanism observed in the cell
types is the sliding of cells past each other. The cells come into contact and swap
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5.1 Cell-Cell Interactions Across Various Cell Types

places while maintaining their direction of velocity, as observed in MDAMB231 and
MDAMB436 cells (Fig. [p.1]A). Lastly, cells could also follow each other, where they
come into contact and move in tandem across the pattern. However, this behaviour
is not commonly observed across the cell types.

To identify the cytoskeletal structures during cell-cell interaction, we use immunoflu-
orescence confocal microscopy for visualisation of the F-actin fibers in the cells. In
Fig. [5.2A-B the F-actin fibers are visualised in MCF10A and MDAMB231 cells,
respectively. In MCF10A cells the F-actin filaments are mostly straight and form
highly oriented bundle-like structures similar to a single cell on the pattern. In con-
trast, the actin fibers inside the MDAMB231 cell are thin and randomly distributed
at the edges of the pattern (top row in B). During a sliding event (bottom row
in B), both cells establish long and straight stress fibers to perform a transition.
No clear outlines of the two cells are detectable, since they overlap on the bridge.
Interestingly, the cells show frayed edges on the island with short and thin actin
fibers curving outwards, contrasting to the straight and thick fibers observed in the
MCF10A cells (top row in A).

Figure 5.2: Actin distribution in two cells in confinement. A) F-actin fibers (green)
in A) MCF10A cells and B) MDAMB231 cells confined to a dumbbell pattern. Scale
bar is 25 ym and the nuclei are stained in blue.

As an initial step in understanding how cell pairs interact when confined on a dumb-
bell pattern, we analyse the positions of the cells over time. Typically, the cells
prefer to occupy opposite ends of the pattern. This preference is evident in their
trajectories, which frequently show only brief periods of overlap before the cells sep-
arate again. In order to characterise the cell-cell interaction behaviours, we employ
the theoretical framework developed by Briickner et al. to calculate various statis-
tics [25]. To quantify this observation, we calculate the position cross correlation
function:
1 Npairs Tj

o 2 2 wi(t)za(t). (5.1)

(z1(t)2a(t)) = 25 LT
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Here, Npqrs is the number of tracked cell pairs and 7j denotes the total number of
time points in the trajectory of cell pair j.

This reveals a strong correlation in the positions of the two cells. In Fig.
the position cross correlation function exhibits a negative long-timescale correlation
for all cell lines. This results indicates that, independent of cell type, there is a
mutual exclusion behaviour where cells prefer to occupy opposite islands on the
micropattern.

Next, we investigate how the cells coordinate their behaviour, when they are in close
proximity to each other, while they occupy the same island on the dumbbell pattern.
To this end, we calculate the velocity cross-correlation of the two cells:

1 Npairs

ST ut)w(). (5.2)

- Npairs rsame
2 ijl j—jj Jj=1 Osame

C([t =#]) = (i (B)va(t)) :

Here, ©g4me denotes the set of time-point combinations (¢,¢), when cell pairs are on
the same island on the dumbbell pattern at time ¢ and ¢'. T7%"¢ is the total number
of those time-point combination of a cell pair j. Here, positive values mark corre-
lated cell motion and negative values indicate an anti-correlation of cell motion.
The epithelial cell lines MCF10A and Ab549 exhibit positive velocity correlations,
while the mesenchymal like cell lines MDAMB231 and MDAMB436 show negative
velocity correlation (Fig. ) The mesenchymal HT1080 cells only show weak
velocity correlation.

The instantaneous velocity correlations for C(|t —t'| = 0) in Fig. highlight the
differences between the cell lines. There is a shift from negative to positive velocity
cross correlation, which coincides with the phenotype of the cells.

In order to gain insight into how cells navigate each other during collisions on longer
time scales, we now quantify the distribution of collision events in the different cell
lines. MCF10A, A549 and also HT1080 cells show a strong preference in reversing
upon contact, while the two triple negative breast cancer (TNBC) cell lines pre-
dominantly slide past each other (Fig. ) Although all cell lines show a mutual
exclusion behaviour as indicated by the negative position correlation, they still ex-
hibit different coupled collision behaviour.

To identify the dynamical processes leading to the distinct interaction behaviour
across cell types, we employ a previously introduced data-driven inference approach
[25]. Specifically, we infer an equation of motion from the experimental trajectory
data, which captures the effective dynamics of cell-cell interactions:

W Pla.v) + F(1A2) Az +A(Ax)Av + o(r, v)n(0). (5.3)
The interacting equation of motion for the observed stochastic two-cell dynamics
consists of a effective deterministic force term F'(x,v) describing the deterministic
acceleration of the cell nucleus due to single cell motility and interactions with the
environment. A noise term o(x,v)n(t) is added to capture the inherent stochasticity
of cell migration. The cell-cell interactions are incorporated in the effective positional
interaction term f(|Az|)Az and the directional interaction term ~(|Az|)Av. Both
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Figure 5.3: Quantification of cell-cell collision behaviour. A) Position cross corre-
lation function for all cell lines. B) Velocity cross correlation function for all cell
lines. C) Instantaneous velocity cross-correlation between cell pairs occupying the
same island. Solid bars show experimental results, dotted bars show the prediction
of the inferred underdamped model. Error bars show the error of the mean (s.e.m)
obtained from bootstrapping. D) Behaviour distribution of the different cell lines
showing percentages of the observed three different collision events. Again solid bars
show experimental results, dotted bars show the prediction of the inferred under-
damped description and error bars show the error of the mean (s.e.m) obtained from
bootstrapping. Figure adapted from [P2].

terms describe the average acceleration of the cell nuclei influenced by their relative
separation Az and relative velocity Av [25]. Negative values of f(|Az|)Az imply
attraction between cell nuclei, while positive values indicate repulsion. Therefore,
this term can be understood to capture the effective cohesion between the nuclei of
the cells. If the directional interaction term ~(|Az|)Awv is negative, cells would de-
celerate when sliding past each other, indicating effective cell-cell friction. Positive
values would correspond to an acceleration of cells when sliding past each other,
indicating effective cell-cell anti-friction [25].

In order to determine these effective cell-cell interactions in our cell lines, we employ
a theoretical learning framework called Underdamped Langevin Inference (ULI) to
infer the functions f(Az) and y(Ax) from the coupled trajectories [25].

The simulated trajectories show a good agreement with the experimental data, which
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we observe in the analysed statistics. The model correctly predicts the cross corre-
lation for position and velocity as illustrated by the red line in Fig. |5.3]A and B,
and indicates a robust compliance to the observed behaviour distribution (Fig. [5.3D
dotted bars).

The different coupled collision behaviour is also reflected by the inferred effective
friction and cohesion interaction terms (Fig. [5.4]A). The dynamics of cell-cell inter-
actions in MCF10A and A549 cells are well described by a combination of repulsion
interactions and friction interactions. In contrast, the TNBC cell lines are well
described by a combination of short-range attraction coupled with long-range re-
pulsion and pronounced anti-friction interactions. The HT1080 cells show similar
repulsion interactions as MCF10A and A549 cells, but exhibit no detectable friction
interactions (Fig. [5.4]A). Although the inferred effective interactions vary strongly
between the different cell types, they still capture the variety of different cell-cell
collision behaviour.
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Figure 5.4: Underdamped Langevin inference reveals cohesion and friction interac-
tions. A) Inferred effective cohesion interactions f(|]Ax|)Ax and inferred effective
friction interactions ~(|Ax|)Av for the five different cell lines (colour code as in Fig.
4.4). B) Interaction behaviour space, which summarises a low dimensional repre-
sentation of the inferred cohesion and friction interactions in the different cell lines.
Colours represent the dominant collision event predicted from the pairs of cohesion
and friction interactions. Error bars show the standard error of the mean (s.e.m)
obtained from bootstrapping of the experimental data. Figure adapted from [P2].

In addition, the predominant collision behaviour can be identified directly from
the interaction behaviour space (IBS), which is delineated by different coloured ar-
eas. Red areas indicate a predominant reversal behaviour, blue areas indicate a
predominantly gliding behaviour and green areas indicate a predominant follow-
ing behaviour (Fig. [5.4B). The cell lines are distributed across the space and no
clustering according to their traditional phenotype is observed. However, only the
E-Cadherin expressing cell lines MCF10A and A549 show pronounced friction in-
teractions and are therefore located in a region, where repulsion and friction in-
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5.2 Polarity Alignment as a Universal Cell-Cell Interaction Mode

teractions are strong, giving rise to mostly reversal behaviour. In contrast, the
MDAMB436 and HT1080 cells, lacking E-Cadherin, yet expressing N-Cadherin, are
situated in a region where repulsion and weak friction interactions predominate.
Interestingly, only the MDAMB231 cells, which lack expression of both E-Cadherin
and N-Cadherin, are located in a region where attraction and anti-friction dominate,
leading to a prevalence of sliding behaviour.

While the five cell lines are not organised into distinct clusters according to their
phenotype within the IBS, they do exhibit a general distribution along a single arc
that spans from the lower right corner to the upper left corner of the phase-space.
This observation prompts the question of whether there exists a unified underlying
mechanistic framework capable of describing the various cell-cell interaction dy-
namics observed across different cell lines. This will be addressed in the following
section.

5.2 Polarity Alignment as a Universal Cell-Cell
Interaction Mode

In order to uncover an underlying cell-cell interaction mechanism, we use the in-
ferred interactions from the experimental data to systematically constrain possible
interaction mechanisms. This data-driven top down approach enables us to develop
a more phenomenological description of the cellular dynamics observed in various
motile cells. We adopt a simplified model, focusing on two key positional variables:
the nucleus position, x,, and the protrusion position x,. This minimalistic approach
effectively captures the elongated shape of cells observed in our experiments (see
Fig. , bottom row). Moreover, we incorporate an explicit representation of cell
polarity, P, which drives an active pushing force to the cell’s protrusive regions.
Including cell polarisation in our model allows for a more accurate depiction of cell-
cell interaction behaviours. The direction and adjustment of a cell’s polarisation
machinery upon contact are critical in determining the interaction outcome. This
aspect is essential as it influences how cells align their movement and interact dy-
namically with each other. The dynamics of the cell is furthermore defined through
a force balance of the friction with the substrate, with all forces acting on the po-
sitional degrees of freedom. A schematic of the microscopic model is shown in Fig.
b.5A.

The three overdamped equations have the following form [184):

&y = Fo(zn, z,) + Gp(Ax,, Az, P, AP) (5.4)
&y = Fp(zn, xp) + P(t) + Go(Axy, Az, P, AP) 4+ Fyoundary(Tp) (5.5)
P = F,(z,, P) + Gp(Ax,, Ax,, P, AP) + on(t) (5.6)

The nucleus and protrusion of the cells are coupled through a linear spring, which
is embedded within the terms

Fo(zn, xp) = _’V(kf;n) (xn, — xp) (5.7)
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5. Dynamics of Cell-Cell Interactions

and
(2, 2p) = kp(Tn — 7)) (5.8)

with the spring constants k, = k/(, and k, = k/(,. Here, (, and (, represent
the friction coefficient for the protrusion and nucleus. To accurately model the
narrower adhesive areas that a cell encounters while traversing the bridge of the
pattern, we introduce a dimensionless rescaling factor, v(x,, ), which is dependent on
the position of the cell nucleus. This rescaling factor is defined to be minimal when
the cell nucleus is positioned on the bridge, reflecting the reduced adhesion in this
region. Here, we employ the findings of Briickner et al. and set [185]:

1— min n
Y(z,) = T’y (1 — cos (Lm T )) + Ymin (5.9)

pattern

Lpattern denotes the size of the dumbbell pattern and 7y, is the minimum rescaling
factor when the nucleus is located on the bridge. These force terms encapsulate the
single cell dynamics within the microenvironment. P characterises the intracellular
actin polymerisation at the front of the cell, a critical process for cell advancement.
The boundary force Fyoundary (T,) ensures a soft repulsive force at the edges to confine
the cellular protrusion in the micropattern. Furthermore, the polarity of a cell in
this model is influenced by the geometry of the pattern, as such that the polarity is
growing when protrusions enter the bridge and is attenuated when the cell is on one
island. We implement this in the function a(z,), which switches sign dependent on
the position of the protrusion z, [185).

@0 7 Amin CoS <pr7r ) + Gmin + %0 (5.10)

a(mp) o 2 pattern 2
On the island, a(x,) = ap and on the bridge a(z,) = ammn < 0. To prevent an
infinite growth of the polarisation, a higher order term BP? is implemented, addi-
tionally inducing a preferred polarity when a(x,) is negative.

This new model cannot be directly inferred from experimental data as our data
does not include direct measurements of the polarisation P. Nonetheless, the model
features can be constrained on the experimental data, through the inferred single
cell dynamics on the dumbbell pattern and the inferred cell-cell interactions [24,25].

The cell-cell interactions implemented in this model G,,, G,, and Gp are generic
interaction terms that couple the three degrees of freedom z,, z, and P of the two
cells. The candidate cell-cell interaction terms are systematically defined and con-
strained by proposing several rules:

(i) the interactions should only depend on the four vectorial quantities: Az, =
Tni — Tnj, ATy = Tp; — Tpj, P, AP = P, — P,

(ii) the interaction terms should only be linear in the four vectorial quantities

(iii) the interactions should decay exponentially on a length scale r to prevent inter-
actions between separated cells

Following these imposed rules leads to five cell-cell interaction terms that depend
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Figure 5.5: Microscopic model reveals candidate cell-cell interactions. A) Schematic
of the mechanistic model. The cell nucleus is connected to the protrusion by a
spring. The protrusion of the cell is driven by actin polymerisation described as an
active pushing force P. B) Exemplary trajectories simulated for polarity alignment
interactions with varying interaction strength epps. C) Schematic of the five can-
didate cell-cell interactions for positive and negative interaction strength. Figure
adapted from [P2].

on the interaction strength e (Fig. [5.5C):
Two of those interactions model excluded volume interactions between the cell nuclei
(i) termed nucleus repulsion

Gn(Ax,) = expe Aol Ay (5.11)
and between the cell protrusions (ii) termed protrusion repulsion

Gp(Axy) = epre” Aol Ay (5.12)

The remaining three cell-cell interactions include various polarity interaction mech-
anisms: (iii) polarity repulsion

Gp(AiL'p) = EPOR€7|AIP|/TPAI‘}, (513)

captures how the polarity growth rate is influenced by the distance between cell
protrusions and their orientation relative to each other. For positive eppgr this
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interaction is similar to mechanisms associated with CIL.
(iv) Polarity shrinking or growing (depending on the sign eppg) of

Gp(Ax,, P) = eppge 1A%/ p (5.14)

models the decrease or increase in polarity based on the relative separation between
cells, regardless of their orientations.
Lastly, (v) polarity alignment

GP(AZEP, AP) = EPOAB_‘AQCPVTPAP (515)

models the alignment of the cell’s polarisation for epps > 0 dependent on the
relative separation between the protrusions and anti-alignment for epps < 0.
A schematic drawing of the five candidate cell-cell interactions for positive and
negative interaction strength can be found in Fig. [5.5C.

As a next step, we test which of the five proposed cell-cell interactions can capture
the experimentally observed cell dynamics of the distinct cell lines. Therefore,
we simulate trajectories for each interaction (Fig. ) and predict the nucleus
dynamics, the cross correlation functions for velocity and position and the be-
haviour distribution for each cell line. By varying the interaction strength e, we
can predict a mapping from our mechanistic model parameters to the inferred
underdamped cohesion and friction parameters fy and 7. In Fig. the five
different interaction terms are mapped onto our IBS (dashed curves).

The nucleus repulsion interaction primarily predicts cohesion interactions and can
only capture the behaviour observed in HT'1080 cells. Polarity repulsion and pro-
trusion repulsion interactions predict effective friction interactions and attraction,
corresponding to the lower-left region of the IBS, as well as repulsion and small
effective anti-friction interactions. Those two mechanism are able to capture the
cell-cell interaction behaviour of HT'1080 and MDAMBA436 cells, but fail to capture
the other three cell lines. Similar to nucleus repulsion, polarity shrinking primarily
predicts cohesion interactions, but also predicts repulsion accompanied by effective
friction interactions, capable of capturing the behaviour of MCF10A and Ab549
cells. The only mechanism capable to qualitatively capture the cell-cell interaction
behaviour observed in every tested cell line is polarity alignment (dashed blue curve
in Fig. .6]A). For negative interaction strengths, the nucleus exhibits anti-friction
combined with attraction, as seen in MDAMB231 and MDAMB436 cells, while
positive values entail friction and repulsion between cell nuclei, as seen in MCF10A
and Ab49 cells. However, this mechanism fails to accurately predict the mutual
exclusion behaviour observed in all five cell lines.

To achieve a quantitative fit with polarity alignment interactions to the dynamics
of all cell lines, we propose combinations of polarity alignment with the four
remaining cell-cell interactions. For simplicity reasons, only pairwise combinations
are considered, yielding four additional different candidate cell-cell interaction
mechanisms summarised in table [5.1  Interestingly, upon plotting the model
prediction for each of the four combinations that best fit fy and 7 in the IBS,
it appears that all of the combinations are capable of fitting the dynamics of the
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Figure 5.6: Model prediction of the five candidate cell-cell interactions. A) In-
teraction behaviour space with the model prediction of the five candidate cell-cell
interactions (dashed curve). Solid blue curve shows the model prediction for the
combination of polarity alignment + polarity repulsion. Blue area indicates the
confidence interval of the parameters r, and exp. B) Instantaneous position corre-
lation for experimental (symbols) and model (solid line) results. C) Instantaneous
velocity correlation for experimental (symbols) and model (solid line) results. Ex-
perimental results are fitted at the best fitting polarity alignment strength. D)
Inferred underdamped cohesion and friction interactions for experiment (black) and
model (red) in all cell lines. Model result is obtained from simulating the best fitting
candidate cell-cell interaction POA+POR. Thin red lines indicate model results for
20 best fitting parameter combinations. Error bars indicate the standard error of the

mean (s.e.m) obtained from bootstrapping the experimental data. Figure adapted
from [P2].

various cell types. Specifically, the combination of polarity-alignment with one of
the repulsion mechanisms leads to a shift of the mapping (fo(€poa), Yo(€rpoa)),
which is indicated with the blue arrow in Fig. A. In the fitting process, only
the polarity alignment strength eppa is adjusted, while the interaction strengths
of the repulsion mechanism remains constant. This indicates that there is no
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candidate interaction equation

nucleus repulsion (NR) G, = exge1Bonl/m Ay,
protrusion repulsion (PR) G, = eppe” 1Al A,
polarity repulsion (POR) Gp = epore” 2ol Az,
polarity shrinking (POS) Gp = epoge”1Awl/mv P
polarity alignment (POA) Gp = epose 1Bl AP

pol. alignment + nucleus repul- | Gp = epoase 1BeRl/MAP +
sion Gy = eyge Aol Ay

pol. alignment + polarity shrink- | Gp = epoae 2%/ AP + epoge1A%l/m2 P
ing

pol. alignment + protrusion re- | Gp = epoae” 2/ AP +
pulsion Gp = epRe_mIPV’”?Axp

pol. alignment + polarity repul- | Gp = epoae” 2%/ AP + EPORe*‘AxPV”Axp
sion

Table 5.1: Summary of the nine different candidate cell-cell interactions. Adapted
from [P2]

singular mechanism that comprehensively captures the observed cell-cell interaction
behaviour in our cell lines and that polarity alignment interactions coupled with
any of the repulsion mechanisms can accurately capture the diversity in cell-cell
interaction behaviour. This is also reflected in the interaction statistics, where
the combination of polarity alignment with a repulsion mechanism provides a
good fit to the experimental behaviour statistics in all cell types (Fig. —C).
Furthermore, the quantitative fit of the underdamped interactions of all cell types
is in good agreement with the experimental observed data (Fig. [5.6[C).

5.3 Discussion

In this chapter, we analysed the coupled two-cell behaviour of various distinct cell
lines in a dumbbell shaped micropattern. Our aim was to uncover shared mech-
anisms governing cell-cell interactions, offering deeper insights into the interaction
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behaviour of cells on larger scales, such as collective processes. Based on our ob-
servations of the single cell migration dynamics, we sought to elucidate potential
correlations between cell phenotype and their cell-cell interaction dynamics.

To this end, we analysed the stochastic two-cell dynamics by employing a recently in-
troduced theoretical framework ( [25]) and found repulsion and friction interaction in
the two epithelial cell lines, contrasting with an attraction and anti-friction dynamic
seen in the mesenchymal breast cancer cell lines. Notably, the mesenchymal fibrosar-
coma cell line HT1080 displayed a unique behaviour, showing no detectable friction
interactions, while exhibiting strong repulsion interaction similar to epithelial cells.
This could be attributed to the high expression level of N-Cadherin in HT1080
cells, which has been associated with reversal behaviour and CIL [186-188|. For
instance, Scarpa et al. demonstrated that neural crest cells acquire CIL through an
E- to N-cadherin switch during EMT [188]. However, MDAMBA436 cells displayed a
preference for sliding behaviour upon contact regardless of their N-Cadherin expres-
sion, suggesting the involvement of other mechanisms in guiding their interaction
behaviour. These findings indicate that the behaviour of cell-cell interactions ex-
ceeds a simple classification into epithelial or mesenchymal phenotypes. Instead, it
is likely to be more strongly influenced by complex molecular pathways, including
interactions with surface proteins and signalling to the cytoskeleton.

To address this complexity and uncover the underlying mechanisms that determine
the cell-cell interaction behaviour, we proposed several candidate cell-cell interac-
tions. This approach was developed to accurately capture the different dynamics
observed during cell collisions. Our findings pointed towards alignment interactions
between the cell’s polarisation machinery as a promising candidate for quantita-
tively describing the behaviour of different cell types. We achieved this match
between theory and experiment by only tuning the strength and sign of polarity
alignment. Here, we captured the entire spectrum of polarity alignment interac-
tions. MCF10A and Ab549 cells demonstrated strong polarity alignment interactions,
HT1080 cells exhibited almost no polarity alignment interactions, and MDAMB231
and MDAMB436 cells displayed polarity anti-alignment interactions. Remarkably,
we did not need to include information about molecular markers or biochemical
signalling pathways as found in several other biophysical models to quantitatively
capture the behaviour [34/124./189]. Combined, this suggests that while the specifics
of interaction pathways vary among different cells, they influence the interaction
strength rather than the fundamental interaction mechanism. This will be chal-
lenged in the next chapter by inducing molecular perturbations.

Previous investigations into cell-cell interactions have primarily emphasised repulsive
behaviour such as CIL [34,/189-191]. For instance, studies conducted in fibrillar-
like environments have shown that CIL-like repulsion results in contact-initiated
reversal, while cells that maintain their migration direction exhibit a sliding re-
sponse [35]. Moreover, many different biophysical models have successfully incorpo-
rated repulsive interactions to accurately describe collision behaviour across diverse
cell types [124]]190,(192,(193]. In our experimental setup, we introduced CIL-like
repulsion interactions to quantitatively capture the dynamics of distinct cell lines,
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promoting reversal behaviour and mutual exclusion between cells. However, these
interactions alone were insufficient to predict the observed correlation between cell
velocities and the sliding behaviour predominantly seen in the invasive breast can-
cer cell lines. To address this, we introduced polarity (anti-) alignment interactions,
which not only created (anti-) correlations between cell velocities, but also promoted
sliding behaviour, providing an accurate description of cell dynamics.

Polarity interactions have been found in a variety of complex processes [109,194.195].
In large-scale moving structures, the collective motion of epithelial cells is described
by velocity and polarity alignment between cells. This multicellular polarity organ-
isation is essential for the collective migration of cell clusters [194]. Similar, the
alignment of cellular polarisation among neighbouring cells promotes a highly coor-
dinated multicellular flow [195]. This alignment of cellular polarities enables efficient
communication and coordination between cells during migration and other collective
behaviours. Our findings underscore the importance of considering direct interac-
tions between cellular polarities to effectively describe collision behaviour across a
diverse range of cell types.
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namics of Cell-Cell Interactions

Cell-cell interactions are intricately governed by molecular pathways and the cou-
pling of surface proteins, facilitating signal transduction between neighbouring cells
[81,196]. Specifically, cell adhesion and recognition play a pivotal role in cell response
upon contact [197]. Interestingly, the cell-cell interaction dynamics observed in the
five phenotypically distinct cell lines investigated in this thesis appear to be regu-
lated by a combination of friction and cohesion interactions, reflecting their diverse
molecular compositions and signalling pathways upon cell-cell contact. However,
the specific molecular pathways through which proteins modulate these interactions
remain poorly understood. Moreover, our mechanistic model introduced in Chapter
5 demonstrates that polarity interactions can accurately capture and predict cell-cell
interaction dynamics without explicitly accounting for specific signalling pathway or
protein interactions. It seems to be sufficient to only vary the interaction strength
of the polarity alignment to capture the behaviour of the five different cell lines.
This indicates that polarity alignment is an underlying mechanism governing the
cell-cell interaction behaviour. However, how molecular markers influence the in-
teraction strength and the dynamics of the cells remains elusive. Consequently, the
robustness of the model against perturbations inducing different cellular responses
needs to be investigated. Furthermore, the region depicting friction and attractive
interactions, where following interactions would dominate, appears vacant in the
IBS illustrated in Fig. [5.6] This region is also not captured by our mechanistic
model. It is intriguing to investigate whether specific perturbations can shift the
cell-cell interaction behaviour into that unoccupied region.

To address the challenges discussed, we employ molecular perturbations to specifi-
cally disrupt several cell-cell interaction pathways, aiming to elucidate the influence
of targeted proteins on cell-cell dynamics, particularly with respect to the effective
friction and cohesion interactions of the nucleus. Furthermore, we assess whether
our mechanistic model can accurately capture the manipulated behaviour of the
cells in response to these perturbations.
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6.1 Contact-Mediated Adhesion Impacts Polarity
Alignment

The calcium-dependent transmembrane protein E-Cadherin is involved in inter-
cellular interactions, mainly in the formation and maintenance of adherens junc-
tions. Upon cell-cell contact, E-Cadherin proteins form homotypic dimers between
neighboring cells, facilitating both signal and force transduction across cell mem-
branes [31,/186]. E-Cadherin is essential in maintaining the epithelial phenotype
and its loss is associated with EMT [164]. In cancer cells, E-Cadherin is often
downregulated, which results in decreased adhesive properties and metastatic dis-
semination [82,83)/164].

In our experiments, we observed that only the E-Cadherin expressing cell lines
(MCF10A, A549) show strong repulsive interactions combined with effective fric-
tion between cell nuclei. Furthermore, the mechanistic model revealed pronounced
polarity alignment between those cell lines. This raises the question what role E-
Cadherin has in establishing repulsive forces between cells and its broader involve-
ment in shaping cell-cell interaction dynamics, especially its influence on the polarity
alignment strength.

While MCF10A cells express high levels of E-Cadherin, MDAMB231 cells do not ex-
press E-Cadherin and additionally show strong polarity anti-alignment (table .
Given that both cell lines originate from breast tissue, they serve as ideal model
systems for conducting perturbation experiments to further uncover the influence of
E-Cadherin on cell-cell interactions. Although MCF10A cells are known to estab-
lish stable adherens junctions mediated by E-Cadherin in monolayers (Fig. [4.5B),
it is important to note that this does not necessarily imply the formation of such
bonds on shorter timescales when cells are confined in the dumbbell. However, an
immunostaining analysis conducted on the MCF10A cells within the dumbbells re-
vealed clustering of E-Cadherin at sites of cell contact (Fig. [6.1JA).

To inhibit the function of E-Cadherin, we utilise an E-Cadherin blocking antibody,
which is added to the cells. This antibody binds specifically to the extracellular bind-
ing domain of the protein, effectively inhibiting the formation of E-Cadherin dimers.
Following this treatment, the behaviour of the E-Cadherin blocked MCF10A cells
shifts towards more sliding and less reversal interactions (Fig. [6.2A). Moreover,
they lose the positive velocity correlation previously observed in the untreated cells.
The analysis of the inferred dynamics of cell-cell interactions reveals a reduction
in repulsion interactions at intermediate intercellular nucleus distances, along with
weaker friction interactions and slightly non-zero anti-friction at very short nucleus
distances (Fig. [6.2B). In the IBS, the E-Cadherin blocked MCF10A cells are shifted
diagonally towards the origin (square in Fig. [6.2D).

Furthermore, the mechanistic model reveals a reduction of polarity alignment inter-
actions with an interaction strength eppa close to zero (square in Fig. [6.2[C). This
suggests that while E-Cadherin is essential for establishing the repulsive response
observed in alignment interactions among MCF10A cells, its absence alone is insuf-
ficient to induce anti-alignment between the cells.
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Figure 6.1: E-Cadherin expression on two interacting cells. A) Immunostaining of
E-Cadherin (green) in MCF10A cells on the micropattern. At the cell contact area
a clustering of E-Cadherin is visible. B) Fluorescence image of MDAMB231 cells
transfected with E-Cadherin mRNA. E-Cadherin expression is tagged with GFP
and visible in green. Scale bar is 25 ym and the nuclei are stained in blue.

However, the precise mechanism by which E-Cadherin regulates polarity alignment
interactions remains unclear. E-Cadherin is known to facilitate mechanotransduc-
tion processes such as stress-polarity coupling, which have been observed in epithelial
collective cell migration [198-200]. Alternatively, E-Cadherin bonds are implicated
in numerous signalling pathways [201-203]. Of particular interest are the down-
stream signalling pathways to the cytoskeleton involving various small Rho GT-
Pases, including Cdc42, RhoA, and Racl, which can profoundly influence cell-cell
interaction behaviour [6048§].

To shed light on this, we introduce a E-Cadherin knockout MCF10A cell line, re-
ferred to as MCF10A KO. This cell line has a zinc finger (ZNF) modulation resulting
in the deletion of four base pairs on exon 11 of the gene, effectively inhibiting the
function of the protein. Immunostaining for E-Cadherin revealed that part of the
protein is still expressed on the surface. However, the frameshift mutation is in-
duced in exon 11, resulting in a truncated form of E-Cadherin, in which only the
extracellular domain and part of the transmembrane domain are present.

As a result, the MCF10A KO cells are still able to form E-Cadherin bonds upon cell
contact, but they lack downstream signalling due to the absence of the intracellular
tail of the protein.

Consistently, the behaviour of the MCF10A KO cells changes similarly to the E-
Cadherin blocked MCF10A cells. An increase in sliding behaviour is observed, al-
though less pronounced compared to the antibody blocking (Fig. ) The inferred
dynamics show weak attraction at short distances, weaker friction interactions at
intermediate distances and strong anti-friction at very short nucleus distances (Fig.
6.2B ). The positive velocity correlation is lost and a small negative correlation is
observed (pentagon in Fig. [6.2IC). Furthermore, in agreement with the E-cadherin
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Figure 6.2: A) Behaviour distribution of manipulated MCF10A cells (left) and
MDAMB231 cells (right) showing percentages of the observed three different col-
lision events. Solid bars show experimental results, dotted bars show the prediction
of the inferred underdamped description. Error bars show the standard error of
the mean (s.e.m) obtained from bootstrapping. B) Inferred effective cohesion inter-
actions f(|Az|)Az and inferred effective friction interactions 7 (|Axz|)Av of manip-
ulated MCF10A cell and MDAMB231 cells. C) Instantaneous position (top) and
velocity (bottom) cross-correlation between two cells, when they occupy the same
island. Symbols show experimental results, solid line indicates our model result
obtained from a global fit of the mechanistic model. D) IBS shows the change of
the dynamics of the MCF10A and MDAMB231 cell lines due to various molecular
perturbations. Solid blue line indicates the model result for the best fitting inferred
underdamped cohesion and friction coefficients.

blocking, the mechanistic model shows a reduction of polarity alignment interactions
with an interaction strength eppa close to zero (pentagon in Fig. [6.2C-D).

Although E-cadherin blocking and E-Cadherin KO results in qualitatively similar
cell-cell interactions, it is important to stretch the differences of the two approaches
here. While blocking E-Cadherin with antibodies effectively inhibits all interac-
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tions, including mechanical coupling between E-Cadherins, the MCF10A KO cells
still possess truncated E-Cadherins capable of mechanical coupling between cells.
Despite this, we observe similar effects with both perturbations, suggesting that the
influence of E-Cadherin on cell-cell interactions is primarily mediated through sig-
nalling pathways. However, further experiments have to be conducted to strengthen
this claim.

To further analyse the influence of E-Cadherin on cell-cell interaction dynamics,
we transiently transfect the E-Cadherin deficient cell line MDAMB231 with E-
Cadherin-mRNA (MDAMB231-ECad). The cells express E-Cadherin during the du-
ration of the experiment as confirmed by the presence of the GFP-tag encoded in the
E-Cadherin-mRNA. Similar to the endogenous E-Cadherin expression in MCF10A
cells, a clustering of the protein is now observed at cell contact sites (Fig. [6.1B).
Consequently, the dynamics of the MDAMB231-ECad cells changes towards fewer
sliding events and more reversal events (Fig. ) Notably, the cells lose their
negative velocity correlation and now exhibit a small positive correlation (rhombus
in Fig. [6.2IC). The inferred dynamics of the cell-cell interactions show a reduction of
attractive interaction at short distances, with the cohesion term approaching zero
(Fig. [6.2B). While the wildtype MDAMB231 exhibit anti-friction, the MDAMB231-
ECad cells now display small friction interactions (Fig. [6.2B - right panel). The
location of the MDAMB231-ECad cells now coincides with the E-Cadherin blocked
MCF10A cells (rhombus in Fig. [6.2D). Additionally, the presence of E-Cadherin al-
ters the polarity interactions in MDAMB231 cells, with the polarity anti-alignment
reduced to almost no detectable polarity interactions (rhombus in Fig. [6.2C).

Overall, these results highlight the significance of E-Cadherin in regulating cell-
cell interaction dynamics and provide insights into its role in mediating repulsive
responses, as well as in influencing friction and cohesion interactions. Moreover,
the presence of E-Cadherin seems to contribute towards the establishment of po-
larity alignment interactions as observed in MCF10A cells, while it inhibits the
polarity anti-alignment in MDAMB231 cells. However, despite the manipulation of
E-Cadherin expression in both MCF10A and MDAMB231 cells resulting in observ-
able shifts in cell behaviour, neither the loss nor gain of E-Cadherin was sufficient
to invert polarity alignment to anti-alignment, or vice versa.

6.2 EMT Insufficient for Polarity Alignment
Switch

To explore whether polarity interactions can effectively capture the behavioural
changes associated with EMT, we treat MCF10A cells with TGFS to induce the
transition. Upon induction of EMT, the cells increase their sliding behaviour ac-
companied by a decrease in reversal events (Fig. [6.3A). The cells show weak positive
velocity correlation close to zero and the inferred interactions reveal a reduced repul-
sive response approaching zero and weak friction interaction between the cells (Fig.
6.3B). The position of TGFS treated MCF10A cells in the interaction behaviour

63



6. Unraveling the Molecular Dynamics of Cell-Cell Interactions

space is shifted diagonally towards the center (pentagon in Fig. [6.3D). The dynam-
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Figure 6.3: A) Behaviour distribution of the manipulated MCF10A cells and
MDAMB231 cells showing percentages of the observed three different collision
events. Solid bars show experimental results, dotted bars show the prediction of
the inferred underdamped description. Error bars show the standard error of the
mean (s.e.m) obtained from bootstrapping. B) Inferred effective cohesion interac-
tions f(|]Az|)Az and inferred effective friction interactions v(|Ax|)Av of the manip-
ulated MCF10A cells and MDAMB231 cells. C) Instantaneous position (top) and
velocity (bottom) cross-correlation between two cells, when they occupy the same
island. Symbols show experimental results, solid line indicates our model result
obtained from a global fit of the mechanistic model. D) IBS shows the change of
the dynamics of the MCF10A and MDAMB231 cell lines due to various molecular
perturbations. Solid blue line indicates the model result for the best fitting inferred
underdamped cohesion and friction coefficients.

ics of the treated cells can be captured by weaker polarity interactions compared
to the wildtype cells as indicated by a lower alignment interaction strength €ppa
(pentagon in Fig. [6.3(C). The polarity alignment interactions between the treated
cells are almost lost. Interestingly, initiating EMT in MCF10A cells has an overall
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6.2 EMT Insufficient for Polarity Alignment Switch

similar effect on collision behaviour and polarity interactions as blocking E-Cadherin
in MCF10A.

This observation is striking, considering that the loss of E-Cadherin alone is insuffi-
cient to induce the mesenchymal phenotype, whereas TGF 3 treatment triggers this
transition effectively. The similar effects of E-Cadherin blocking and TGF/j treat-
ment on cell behaviour and polarity interactions imply that the transition from ep-
ithelial to mesenchymal phenotypes does not necessarily entail a switch from strong
alignment to strong anti-alignment interactions.

To further verify this finding, our objective was to induce mesenchymal-to-epithelial
transition (MET) in MDAMB231 cells by expressing the miRNA200c using a pre-
viously described inducible construct. In single cells on the dumbbell pattern, this
led to a change in the dynamics from limit cycle oscillations to a bistable hop-
ping behaviour similar to the dynamics of MCF10A cells. As schematically de-
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Figure 6.4: Rotational movement in MDAMB231 with miRNA200c. A) Time-lapse
series of MDAMB231 cells with miRNA200c expression. Red staining indicates the
RFP expression upon doxycycline induction. Inset shows the rotational movement
of the two cells. One exemplary track are shown underneath. B) Immunostaining
of E-Cadherin (green) in miRNA200c¢ induced MDAMB231 cells in vitro (top) and
on the micropattern (bottom). Scale bars are 25 ym and the nuclei are stained in
blue.

picted in Fig. [2.4B, we expect the miRNA200c-MDAMB231 cells to re-express
E-Cadherin, since the miRNA200c¢ should inhibit ZEB1/2 leading to an upregula-
tion in epithelial markers. An immunostaining on fixed miRNA200c-MDAMB231
cells reveals the presence of E-Cadherin on the cell surface (Fig. [6.4B). Intuitively,
we expect a shift in the miRNA200c-MDAMB231 similar to the MDAMB231 cells
transfected with the E-Cadherin mRNA. Surprisingly an opposite effect is observed.
The miRNA200c-MDAMB231 cells increase their sliding behaviour compared to the
control cells as quantified by the behaviour distribution (Fig. [6.3]A). Furthermore,

65



6. Unraveling the Molecular Dynamics of Cell-Cell Interactions

the inferred interactions show a more pronounced attraction and anti-friction be-
tween the cell nuclei and polarity anti-alignment is still strong in these cells (rhombus
in Fig. [6.6B-D). This finding appears contradictory to the results obtained from the
MDAMB231-ECad cells, where the adhesion protein was identified as a mediator
in establishing polarity alignment interactions. However, in the time-lapse movies
and the corresponding trajectories a rotational motion of the two cells in one island
is frequently observed (Fig. [6.4]A). This rotational behaviour is hardly observed in
the wildtype MDAMB231 cells or the control construct cells and might hint at a
fourth interaction modus. The cells appear to build strong adhesion between each
other, while maintaining their motility resulting in a 2D rotational movement in
one island. With the tools at hand, it might be challenging to correctly analyse
the cell-cell interaction behaviour of these cells. Additionally, the miRNA-200c is
known to be involved in a complex network of signalling pathways by upregulat-
ing or downregulating several proteins, including E-Cadherin, Vimentin, Zebl/2,
and N-Cadherin. This adds to the challenge of disentangling the involvement of E-
Cadherin in the observed change of dynamics. The effects of miRNA-200c¢ induction
on cell behaviour may involve multiple pathways and molecular interactions beyond
the direct regulation of E-Cadherin expression.

6.3 Cell Recognition System Mediates Polarity
Anti-Alignment

Another system implicated in establishing cell polarity is the Eph-ephrin receptor-
ligand system, which is activated upon cell-cell contact [30]. These receptor-ligand
interactions regulate cell polarity through downstream regulation of Rho GTPases
and thus are crucial for the migratory machinery in cells during cell-cell contacts [92].
EphB receptors have been observed to stimulate Cdc42 expression, which may pro-
mote attractive migration [204]. In contrast, when ephrinA2 ligands interact with
EphA2 and EphA4 receptors, activation of RhoA at sites of cell-cell adhesion is
triggered. This in turn leads to a reduction in forward migration, which is primar-
ily driven by actomyosin contraction regulated by Rho-GTPases [30]. Additionally,
Astin et al. demonstrated that CIL is mediated through EphA-Rho-ROCK sig-
nalling, dependent on the Eph-receptor profile on the cell surface [81]. This places
members of the Eph-ephrin family as prime targets to investigate their role in cou-
pled two-cell behaviour.

Since there is no drug or inhibitor to target a large set of ephrin ligands or recep-
tors, we chose to study the influence of the ephrinA2 ligand on cell-cell interactions
in MCF10A cells. EphrinA2 is frequently overexpressed in cancer cells [96] and
involved in tumorigenesis and invasiveness of breast cancer [97]. Moreover, it was
found that ephrinA2 alters EMT-related markers to promote cancer metastasis [205]
and up or downregulates several RhoGTPases, such as RhoA [30,96].

To this end, we chose to inhibit ephrinA2 with specific antibodies in MCF10A cells.
This ligand is broadly expressed over the whole surface of MCF10A cells as visualised
in Fig. [6.5]A. Upon blocking ephrinA2 with an antibody, the MCF10A cells lose their
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A B

Figure 6.5: Ephrin ligand expression in confluence and confinement. A) Immunos-
taining of ephrinA2 (green) in MCF10A cells in vitro (top) and on the micropattern
(bottom). B) Immunostaining of ephrinB2 (green) in MDAMB231 cells in vitro
(top) and on the micropattern (bottom). The Scale bar is 200 pum (top) and 25 pm
(bottom). The nuclei are stained in blue.

repulsive behaviour and start to slide past each other (Fig. ) Remarkably, the
inferred interactions are now qualitatively similar to those of the MDAMB231 cells.
The cells are well described by a combination of short-range attraction coupled with
long-range repulsion and pronounced anti-friction interactions (Fig. ) Addi-
tionally, we observe a switch in velocity correlation from positive to negative and
most importantly a switch from polarity alignment interactions to anti-alignment
(circle in Fig. [6.6C-D). This indicates, that cells regulate their polarity machinery
through Eph-ephrin mediated cell contacts.

To further verify this, we block the ligand ephrinB2 in MDAMB231 cells with an
antibody that recognises the extracellular domain of the protein. EphrinB2 was
found to be the driver in glioma invasion [204] and ligand-activated EphB receptors
regulate several proteins involved in the polarisation machinery of the cells. There-
fore, we expect a shift in the behaviour towards more repulsive interactions upon
impairing the function of ephrinB2 in the MDAMB231 cells. The expression of the
ligand in MDAMB231 cells with and without micropattern is visualised in Fig.
and an intricate network of the ephrinB2 ligand is observed at higher resolution.

Interestingly, the cell-cell interaction behaviour does not shift significantly upon
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ephrinB2 blocking (Fig. [6.6/A). A small decrease in sliding events is observed with
a slightly lower anti-correlation of the velocity (rhombus in Fig. [6.6C). The inferred
interactions are qualitatively similar to the untreated MDAMB231 cells with only
a small decrease in anti-friction interaction on short distances (Fig. [6.6B). The
ephrinB2-blocked MDAMB231 still exhibit polarity anti-alignment interactions in-
dicated by a negative alignment strength epp4 (rthombus in Fig. [6.6C).

However, when comparing these results with the control experiment involving un-
perturbed MDAMB231 cells under the same conditions, it becomes evident that the
observed changes upon ephrinB2 blocking might be caused by biological noise. Both
experiments yield quantitatively similar results, suggesting that the effects observed
in the ephrinB2 blocking experiment may not be solely attributable to the perturba-
tion. Instead they could be within the range of normal variability due to differences
in e.g. cell age.

In summary, our findings indicate that blocking ephrinB2 does not significantly al-
ter the cell-cell interaction behaviour of MDAMB231 cells. However, it is important
to note that our approach of using antibodies to inhibit ephrinB2 function lacks a
direct means of confirming the effective inhibition of ephrinB2. Thus, further in-
vestigations utilising knock-out or silencing techniques, such as siRNA, may offer
additional insights into the role of ephrinB2 in mediating cell-cell interactions.

6.4 Collision Behaviour Is Influenced by the Po-
larisation Machinery

The perturbations on E-Cadherin and the ephrins showed a potential link of the Rho-
GTPases guiding polarity involvement. Specifically the small Rho-GTPase RhoA
was found to be activated downstream of EphA-ephrinA interactions to stimulate
stress fiber formation leading to a loss of cell-cell contacts and consequently an
increase in the invasive potential of the cells [206-209]. Additionally, RhoA and ac-
tomyosin contractility are activated upon cell-cell contacts through various signalling
pathways often mediated through Cadherin bonds [60]. To test the impact of RhoA
on guiding cell-cell interactions, we directly perturb the polarity machinery of the
cells. We use the drug Y-27632, which is a selective inhibitor of the Rho-associated
protein kinase (ROCK). ROCK is a key regulator of the actin cytoskeleton and
cell contractility. By inhibiting its activity, Y-27632 disrupts downstream signalling
pathways involved in actin cytoskeleton organisation, leading to reduced cell con-
tractility. Furthermore, the inhibition of ROCK directly impairs the downstream
signalling and activation of RhoA. The impact of the inhibitor is directly visible in
the changed morphology of the cells and on the actin fibers as visualised in Fig.
through immunostaining. The treated MCF10A cells are unable to form long
and stable actin fibers and no clear boarder is observed anymore as in the untreated
cells (Fig. [5.2A).

Treatment with Y-27632 changes the behaviour of the cells from a repulsive be-
haviour, characterised by frequent reversal events, to a behaviour in which the cells
attract each other on short distances and predominantly slide upon collisions (Fig.

68



6.4 Collision Behaviour Is Influenced by the Polarisation Machinery

A MCF10A MDAMB231 B MCF10A MDAMB231
100 = - = 0 — 150 150
" - I x E3 T é- i
c o0l= 8 L o / 0 =
(D] =
Q1007+ < i V
o = . . & T-1%0 -150
5 O = - =—==lg 4 4
100 = Y27632 = ephrinB2
o\o S = mmephrinA2]
=} é o 0 \
O - = = = i = I - E —
T T T T T 3’_
N\ \(\(\QP:L,):] i \(\(\(\%’L N\
B AN SRS 49 g0 0 80
Ax| (um Ax| (um
C D |Ax| (um) |Ax| (um)
— 0 T 3
E i - +Y27632
= _SOOTWM i \ ‘i—ephrinAZ
< . = MDA231 > -ephrinB2
— ‘ : o
X 1 >
~-1000 T c
-8 0 8 Re)
alignment strength gpoa (1) © 0
& 200 : =
= i 3
E o ; 9 MCF10Ai
g i £
S !
< —200A : -3
= -8 0 8 —4 0 4
alignment strength £ppa (h71) inferred cohesion fy (h™2)

Figure 6.6: A) Behaviour distribution of the manipulated MCF10A cells and
MDAMB231 cells showing percentages of the observed three different collision
events. Solid bars show experimental results, dotted bars show the prediction of
the inferred underdamped description. Error bars show the standard error of the
mean (s.e.m) obtained from bootstrapping. B) Inferred effective cohesion interac-
tions f(|Az|)Az and inferred effective friction interactions (|Az|)Av of the manip-
ulated MCF10A cells and MDAMB231 cells. C) Instantaneous position (top) and
velocity (bottom) cross-correlation between two cells, when they occupy the same
island. Symbols show experimental results, solid line indicates our model result
obtained from a global fit of the mechanistic model. D) IBS shows the change of
the dynamics of the MCF10A and MDAMB231 cell lines due to various molecular
perturbations. Solid blue line indicates the model result for the best fitting inferred
underdamped cohesion and friction coefficients.

). Additionally, the ROCK-inhibited cells show pronounced anti-friction and the
velocity correlation switches from positive to a negative correlation (square in Fig.
—C). Furthermore, ROCK inhibition is sufficient to shift the polarity alignment
interactions in untreated MCF10A cells to anti-alignment interactions. The cell-cell
interaction behaviour of the ROCK inhibited MCF10A cells now qualitatively re-
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Figure 6.7: Disruption of actin fibers upon drug treatment. A) Immunostaining
of F-actin fibers (green) in Y-27632 treated MCF10A cells in the micropattern. B)
Confocal images of F-actin fibers (green) in nocodazol treated Life-Act MDAMB231
cells. White arrows indicate the blebbing of the nucleus after nocodazol treatment.
Scale bar 25 pym. The nuclei are stained in blue.

sembles that of the MDAMB231 cells. However, their position in the IBS does not
coincide with the MDAMB231 cells, as the attraction between the cell pair is not as
pronounced, leading to the observed shift (square in Fig. ) Nevertheless, the
interactions are still well described by polarity interactions. Interestingly, the cells
with inhibited ROCK activity co-localise with the ephrinA2-blocked MCF10A cells
on the IBS, suggesting similar effects induced by both perturbations. This might
indicate, that the effect of ephrinA2-blocking stems from disrupting the polarisation
machinery by downregulation of RhoA.

In addition to a functional Rho/ROCK signalling [10], the integrity of the micro-
tubule cytoskeleton is essential for maintaining and regulating the polarity in various
cell types [210]. Specifically, microtubule stabilisation is associated with strongly po-
larised cells and contributes to increased migratory persistence. This stabilisation
process is regulated through Rho signalling via the Rho effector mDial and inhibition
of the Rho-ROCK pathway causes a microtubule stabilisation and a corresponding
failure of a polarity switch upon cell-cell collision [67,/68,[211}212].

To investigate the role of microtubule stabilisation on cell-cell interactions and its in-
fluence on polarity alignment, we treat MDAMB231 cells with a low dose of the drug
nocodazol to destabilise the microtubule network. Nocodazol binds to S-tubulin and
disrupts the microtubule assembly/disassembly dynamics leading to its destabilisa-
tion. The F-actin network in nocodazol treated cells is shown in Fig. [6.7B.

Again, a change in the morphologies of the cells is observed and the ability to form
long stable actin fibers is lost. Furthermore, blebbing at cell boundaries is observed
and the actin fibers are short, disordered and often curved.

The nocodazole treatment not only disrupts microtubule stability but also seems to
impair cell division. Observations from time-lapse movies reveal that cells attempt-
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ing division experience difficulties in separating, resulting in the fragmentation of
the nucleus into multiple pieces. The destabilised microtubules might not be able to
form the mitotic spindle that is necessary to segregate chromosomes during cell di-
vision. Moreover, impaired formation of the cleavage furrow during cytokinesis may
further contribute to the flawed separation of the cell into mother and daughter
pairs. The fragmentation of the nucleus is often observed upon nocodazol treatment
and is shown in Fig. as indicated by the white arrows. The nocodazole-treated
cells exhibit significant alterations in their cell-cell interactions.

Due to the criteria of only considering cells with intact nuclei, the statistical analysis
of this perturbation is limited. However, it is evident that the treatment severely im-
pedes cell mobility and movement, as observed in single cells on the micropattern.
In contrast to untreated MDAMB231 cells, which frequently transition between
islands, the treated cells only rarely undergo transitions. The destabilised micro-
tubules render the cells nearly incapable of pulling or pushing themselves over the
bridges. Consequently, this impedes the accurate analysis of cell pair interactions;
if cells cannot transition due to cytoskeletal impairments, their interactions with
neighbouring cells are also compromised. Therefore, we chose not to quantitatively
analyse the interaction behaviour. Lower doses of nocodazol should be tried in order
to avoid stalling the cells completely.

6.5 Discussion

In this chapter, we explored the impact of specific molecular pathways on cell-cell
interactions, particularly focusing on cell adhesion and cell recognition pathways
and their role in establishing polarity interactions. To achieve this, we introduced
various molecular perturbations into our system, starting with the adhesion protein
E-Cadherin, which is recognised as a tumor suppressor. Reduction in E-Cadherin
expression levels is associated with the disruption of epithelial integrity, which
facilitates the detachment of cancer cells from primary tumors and their subsequent
invasion into surrounding tissues [213214]. In line with previous studies [35], our
observations confirm that inhibiting E-Cadherin in MCF10A cells results in an
increased sliding behaviour. This behaviour indicates at a disruption in cell-cell
adhesion, which likely impedes the establishment of cell polarity.

Such changes of dynamics may result from compromised mechanotransduction path-
ways, particularly the stress-polarity coupling that depends on E-Cadherin [215].
It is well-established that classical cadherins not only enhance cell-cell cohesion and
support the development of migratory polarity in epithelial sheets in vitro [88,/178|,
but also engage in mechanosensing. They respond to mechanical forces by undergo-
ing strain stiffening [32,216], which plays a crucial role in maintaining the balance
of forces at cell-cell junctions. This balance is achieved as forces at the interface are
counteracted by traction forces exerted in opposite directions [216,217]. However,
when cell-cell adhesion is compromised, there is a notable decrease in the alignment
between local stress orientations and the directions of cellular motion |215].

In our experiments, MCF10A KO cells, although still capable of forming homotypic
E-Cadherin dimers between cell pairs, exhibited impaired signal transduction to the
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cytoskeleton. The response of these cells mirrors the dynamics observed in MCF10A
cells with blocked E-Cadherin, where the ability to form E-Cadherin-mediated
adhesions is lost. This suggests that E-Cadherin’s signalling to the cell polarity
machinery, potentially via polarity cues like RhoA, Racl, or Cdc42, plays a critical
role in how cells react upon encountering one another.

For instance, in MDCK cells, Racl and Cdc42 are activated through E-cadherin-
mediated homophilic interactions [88,89]. Moreover, Chen et al. discovered
significant alterations in the cytoskeletal architecture in E-Cadherin deficient
MCF10A cells. Unlike in wildtype MCF10A cells, where microtubules are typically
organised in a radial pattern emanating from the centrosome, the microtubules in
E-Cadherin-deficient cells display a disorganised arrangement. This observation is
complemented by findings in MDCK cells, where interactions between adherens
junctions and microtubules indicate a potential mechanistic link between epithelial
cohesion and polarity [88}21§].

Taken together, this suggests that E-cadherin not only mediates adhesion between
cells, but also plays a role in controlling polarity alignment by signaling to the
cytoskeleton and possibly through mediating microtubule dynamics.

Additionally, the transfection of E-Cadherin in MDAMB231 cells, which typically
lack this adhesion protein, resulted in predominantly repulsive responses upon
cell-cell contact and diminished polarity anti-alignment interactions, characterised
by a small positive alignment strength epoa.

It was shown that induction of E-Cadherin in MDAMB231 cells leads to a tran-
scriptional modification of over 100 genes including a 2-fold upregulation of Cdc42
and a downregulation of ARHGDIB, which encodes for a regulator of actin cy-
toskeleton [219]. However, multiple studies indicated that re-expressing E-Cadherin
in MDAMB231 cells does not fully revert their mesenchymal traits [219,220].

Expanding on these findings, we further explored the effects of EMT in MCF10A
cells and attempted to induce MET in MDAMB231 cells by modulating miRNA-
200c expression levels. In TGFS treated MCF10A cells, we observed a similar
change in dynamics as in E-Cadherin blocked cells. Moreover, we did not observe
a shift from polarity alignment to anti-alignment interactions. This may be
attributable to the persistently high levels of E-Cadherin in the TGFj-treated
MCF10A cells, as confirmed by western blot analysis. This indicates that the
treated cells did not fully adopt a mesenchymal phenotype, but are in an interme-
diate state.

During the process of EMT, cells undergo several stages of cytoskeletal network
remodelling in order to achieve the intracellular reorganisation required for cell state
reprogramming [103]. Thus, the several hybrid states can confer distinct functional
properties that may influence cellular behaviour in unique ways, potentially
affecting cell migration. However, in order to determine the state of transition

in our treated cells, further experiments are necessary to assess additional EMT
markers such as SNAIL, ZEB1/2, and Twist.

The miRNA200c is a key regulator of these EMT markers and can promote MET
by decreasing the expression of ZEB1/2 through direct binding, which subsequently
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results in the increased expression of E-cadherin [138,171]. In MDAMB231 cells,
where miRNA-200c expression is naturally inhibited, it was reintroduced in our
experiments to study its impact on cell-cell interactions. Remarkably, the cells
still exhibited strong polarity anti-alignment interactions despite the presence of
E-Cadherin. Although the behaviour and dynamical statistics of the modified cells
closely resemble those of the wildtype MDAMB231 cells, we observed a rotational
movement of the two cells on one of the islands.

Those spontaneous rotational movements have been observed in many physiological
contexts, as well as in epithelial cells, such as the MDCK cell line [200}221}222].
Interestingly, Lu et al. reported that during such rotational interactions, the
polarity vectors of the two cells pointed in opposite directions [222]. This is
consistent with our observation of strong polarity anti-alignment interactions in the
rotating MDAMB231 cells after reintroduction of miRNA200c. Furthermore, their
study indicated significant myosin accumulation at the cell-cell interface, suggesting
that the rotation is driven by myosin-generated gradients of active tension, which
are influenced by the interacting polarity axes of the cells [222].

Given these insights, it would be highly beneficial to compare the distribution of
myosin during cell-cell interactions in wildtype MDAMB231 cells, which do not
exhibit this rotational behaviour, to that in the miRNA200c-modified MDAMB231
cells.

Another system implicated in the regulation of cell-cell interaction behaviour,
such as CIL, is the vast network of Ephrin receptors and ligands (Eph-ephrin
system) [30,[81,92]. Astin et al. demonstrated that CIL is mediated through
EphA-Rho-ROCK signalling, depending on the Eph-receptor profile on the cell
surface [81]. To this end, we investigated the effects of blocking the ligand ephrinA2
in MCF10A cells, observing a notable reduction in the repulsive response and a
switch from polarity alignment to anti-alignment interactions.

A similar result is achieved by treating MCF10A cells with the ROCK inhibitor
Y-27632, which directly disrupt the downstream signalling pathway involved in
actin cytoskeleton organisation leading to reduced cell contractility. These changes
are consistent with observations in various cellular models where ROCK inhibition
led to altered cell-cell interaction behaviours.

In neural crest cells, for instance, this inhibition led to a significant increase in
following behaviour on micropatterned lanes, and even resulted in a complete loss
of contact inhibition of locomotion [27,/77]. Similar observations were made in
chick embryonic heart fibroblasts, where ROCK inhibition removed the typical
repulsive response, causing cells to instead exhibit pronounced sliding behaviours
upon collision [211]. This change was linked to a hyper-stabilisation of microtubules
induced by Y-27632 treatment. Kadir et al. suggested that microtubule dynamics
are influenced by cell-cell contact, and that a specific increase in these dynamics is
necessary for cells to repolarise upon such contact [211].

Combined with our findings, this suggests a complex interplay where cell-cell
contacts and microtubule stability are critical for the re-polarisation and directional
decisions of cells.

Collectively, our findings suggest a potential link between molecular signalling
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pathways modulated by ephrins and ROCK, as well as microtubule dynamics, in
the establishment of polarity interactions.
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In this thesis, I utilised a micropatterned two-site array to examine the dynamics of
single cells and their cell-cell interaction behaviour across a range of phenotypically
different cell lines derived from human tissues. This setup enabled the collection of
an extensive dataset of cell trajectories, allowing for a quantitative analysis of cell
behaviour within a controlled and standardised environment. The geometry of the
array is designed to mimic physiological challenges faced by cells, making it a valu-
able tool for correlating cellular dynamics with phenotype and invasive potential.
It also serves as an effective ”cell-cell collider” for precisely studying head-to-head
collisions between cells.

Our findings indicate that while the motility mechanisms of single cells within the
dumbbell pattern appear to be consistent across the tested cell lines, there are dis-
tinct differences in the dynamics between epithelial and mesenchymal cells. Almost
all cell types are driven deterministically into the constriction, yet epithelial cells ex-
hibit excitable bi-stable hopping dynamics, whereas mesenchymal cells demonstrate
limit cycle oscillations. We hypothesise that these dynamic fingerprints are not only
indicative of the cells” phenotypes but also reflective of their invasive capabilities.
In experiments involving MDAMB231 cells with and without miRNA200c, a known
tumour suppressor, the behaviour observed on the dumbbell mirrored results from
traditional invasion assays [166,(171]. This correlation suggests that further com-
parative studies of single-cell dynamics, alongside established invasion assays, could
be instrumental in uncovering links between dynamic migration properties and the
metastatic potential of cancer cells. Understanding these connections could have
significant implications for cancer therapies, potentially leading to the development
of targeted treatments that inhibit cancer progression by disrupting specific migra-
tion mechanisms.

Furthermore, the dumbbell assay provides a robust platform for investigating funda-
mental cellular processes involved in migration within confined environments. While
we found that E-Cadherin does not change the dynamical pattern of cells, it would
be of interest to test other EMT associated proteins such as N-Cadherin or Vimentin.
Additionally, visualising cytoskeletal components like F-actin or microtubules dur-
ing live imaging could reveal the general motility mechanisms employed by cells.
This could be accomplished by either transiently transfecting cells with GFP-tagged
mRNA specific to these proteins or by creating stable cell lines using methods like
lentiviral transfection. Such approaches would provide more detailed observations of
cell shape, cell viability, and the dynamics of cytoskeletal rearrangements, enhanc-
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ing our understanding of how cells navigate and adapt to their microenvironment.
Moreover, by employing targeted pharmacological interventions to actively perturb
the cellular migration machinery, such as using latrunculin to disrupt F-actin poly-
merisation, blebbistatin to inhibit myosin II, or taxol to interfere with microtubule
dynamics, we could further dissect the key components that define the dynamic
fingerprint of cells. These studies would not only help in identifying the critical
molecular players involved in cell motility but also in understanding how modifica-
tions in these elements influence cellular behaviour in restricted spaces.

One significant aspect not explored in this thesis is the role of focal adhesions and
their interactions with the substrate, which are crucial in mediating cell migra-
tion [69,86]. It is well-documented that the migratory properties of cells vary de-
pending on the stiffness of the substrate they are adhered to [223,224]. This variance
in migration is partially due to the mechanosensitive nature of focal adhesions; these
structures dynamically adjust their composition and behaviour in response to the
mechanical properties of the surrounding environment. Additionally, different types
of cells exhibit preferences for various ECM proteins, which facilitate adhesion to
the substrate [225-227]. These preferences can influence not only the strength and
stability of the adhesions formed but also the signalling pathways activated during
cell-substrate interactions. Therefore, it would be of interest to analyse the dynam-
ics of single cells on dumbbells coated with different types of ECM proteins, such as
Collagen IV, Collagen I or Laminin.

Building on the findings from the single cell behaviours, we extended our analysis
to coupled two-cell interactions within the same micropatterns. Our research aimed
to uncover shared biophysical mechanisms that govern cell-cell interactions, offer-
ing deeper insights into the ’social behaviour’ of cells on larger scales. Unlike in
the single cell study where we could directly correlate the cells phenotype with cell
dynamics, the two-cell interactions did not show such a straightforward correlation
with phenotypic traits. On the contrary, the cell lines exhibited a diverse spectrum
of cohesion and friction interactions, ranging from attraction and anti-friction to
strong repulsion and friction between the cell nuclei.

Throughout our experiments, we were able to confirm the robustness of the the-
oretical framework developed by Briickner et al. and validated its predictive po-
tential. However, this framework does not provide information on the underlying
mechanisms cells employ upon cell collision. To address this, we proposed a sim-
ple mechanistic model that includes the polarisation of the cells to describe the
cell-cell interaction behaviour in a phenomenological way. We discovered that po-
larity alignment interactions, when combined with a repulsion mechanism such as
Contact Inhibition of Locomotion (CIL), provided a quantitative description of the
coupled cell behaviour for several phenotypically distinct cells on our micropattern.
Remarkably, the interaction behaviour of the cells was captured by only tuning the
interaction strength and sign of polarity alignment. Thus, we hypothesise that po-
larity alignment interactions might be a general mechanism cells employ to navigate
transient cell-cell contacts.

Polarity alignment interactions are well-documented in various cell migration stud-
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ies [109,194}/195]; however, polarity anti-alignment interactions have been less fre-
quently reported. In our analysis, while repulsion interactions like CIL were essential
to quantitatively capture the dynamics of all our cell types, only the implementation
of polarity anti-alignment could accurately predict the sliding behaviour observed in
the breast cancer cell lines. This novel insight suggests that polarity anti-alignment,
alongside CIL, plays a critical role in the interaction dynamics of cancer cells.

To deepen our understanding of the polarity alignment interactions observed in our
cell lines, accurately measuring cell polarity would be essential. Tracking polarity
in real-time presents a considerable challenge, as it requires precise identification
and monitoring of polarity markers. One feasible yet less precise method involves
analysing the cell’s outline to infer the direction of polarisation based on cell shape.
This approach, however, may be less effective since the differentiation between two
closely positioned cells is challenging due to overlap of protrusions. To address
this issue, sophisticated image segmentation algorithms that can accurately sepa-
rate individual cells in close proximity, such as the deep learning-based segmentation
method CellPose should be employed [228]. A more reliable method would involve
tracking specific cell organelles or the distribution of key polarity cues. For in-
stance, monitoring the position of the centrosome can provide insights into the cell’s
orientation since the centrosome typically precedes the nucleus in the direction of
movement, especially during migration [229]. Similarly, visualising the distribution
of polarity proteins such as RhoA or Racl, which are critical in defining front-rear
polarity in motile cells, could offer more definitive information on the state of cell
polarisation.

To date, our analysis has focused exclusively on the homotypic interaction behaviour
of various cell lines. Moving forward, it would be intriguing to also investigate the
collision dynamics between two different types of cells. It is well-documented that
in many cell lines, particularly cancerous ones, homotypic CIL remains intact while
heterotypic CIL is often impaired [230,[231]. This impairment allows cancer cells to
navigate through different types of tissues without being repelled, facilitating their
invasive and metastatic behaviour. Therefore, an interesting area of study would
be to explore what occurs when cells that exhibit polarity anti-alignment interac-
tions in homotypic collisions encounter cells that demonstrate the opposite polarity
alignment. This scenario is especially pertinent considering that disruptions in the
mutual antagonism between Racl and RhoA have been shown to result in defective
heterotypic CIL [230]. Understanding these dynamics could provide deeper insights
into the mechanisms through which cancer cells override normal cellular repulsion
cues to advance their spread through tissues.

Further, we explored the impact of specific molecular pathways on cell-cell interac-
tions, particularly focusing on cell adhesion and cell recognition pathways and their
roles in defining the amplitude of the interaction strength. Specifically, we challenged
our model by implementing molecular perturbations targeting the polarisation ma-
chinery. We found that while almost every molecular perturbation induced a shift in
the cell-cell interaction behaviour, it was still well captured by using polarity (anti-)
alignment interactions. One notable discovery was the role of E-Cadherin in facil-
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7. Conclusion and Outlook

itating polarity alignment interactions within MCF10A cells. E-Cadherin, known
for its involvement in contact-mediated adhesion and force transduction, seemed
to orchestrate these polarity dynamics effectively. However, contrasting behaviour
was observed in MDCK cells, which, despite expressing E-Cadherin, exhibited po-
larity anti-alignment interactions [222]. This divergence suggests that the presence
of E-Cadherin is not a definitive indicator of polarity alignment interactions among
epithelial cells, which prompts further investigation into this phenomenon.

Given that E-Cadherin-mediated bonds were observed between cells in our dumbbell
pattern, further explorations into how adherens junctions influence cell behaviour
could provide deeper insights. One promising approach would be the use of a func-
tional DNA-E-cadherin hybrid, which allows tuning of adhesion strength based on
DNA sequence and length [232]. Employing techniques such as force spectroscopy
could enable direct measurements of the binding strength exerted by E-Cadherins
between cell pairs. This method could also illuminate the strength dependency of
adherens junctions and enhance our understanding of their mechanosensing capa-
bilities. Such investigations could lead to a more comprehensive understanding of
how cellular adhesion mechanisms contribute to the complex dynamics of cell-cell
interactions.

Additionally, our studies indicated that the EphA-RhoA-ROCK signalling axis may
be a critical determinant in whether cell types exhibit polarity alignment or anti-
alignment interactions. Blocking of ephrinA2 as well as ROCK inhibition through
Y-27632 resulted in a switch from polarity alignment to anti-alignment interactions
in MCF10A cells. This signalling pathway is tightly intertwined with the cytoskeletal
dynamics, involving a vast network of proteins, proving a challenge in determining
the exact mechanisms by which the cells regulate their interaction behaviour. We
hypothesise that microtubule dynamics are crucial in determining the outcomes of
cell-cell collisions. Particularly, the stability of microtubules may play a critical role;
highly stable microtubules could be indicative of the pronounced sliding behaviours
observed in some cell lines. To explore this hypothesis further, the use of specific
pharmacological agents, such as destabilising agents like nocodazol or stabilising
agents like taxol could yield insights into this topic.

While the specific geometry of the dumbbells was chosen to mimic a physiological-
like environment, there are inherent limitations to this setup. One significant lim-
itation is that the cells were not confined in the Z-direction, and despite strong
passivation outside the dumbbell pattern, cells were still able to traverse passivated
areas if part of the cell remained attached to the fibronectin-coated pattern. Addi-
tionally, results from 2D environments do not always accurately reflect behaviours
in more complex 3D environments, where cells interact within a three-dimensional
matrix and experience different mechanical and biochemical cues. To gain deeper
physiological insights into cell-cell interactions and the mechanisms by which cells
navigate through narrow constrictions, transitioning to a 3D experimental setup
would be highly beneficial. Such a setup could involve the use of specific hydrogels
that can be engineered to mimic the extracellular matrix. These hydrogels can be
designed with tuneable stiffness, allowing for precise control over the mechanical
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properties of the environment [128]. This feature is particularly advantageous for
studying how cells respond to mechanical cues and for measuring the forces exerted
by cells as they navigate through these structures.

As a future incentive, it would be fascinating to explore whether these alignment
interactions not only capture two-cell interaction behaviour but also provide insights
into the collective dynamics of tissues. Furthermore, it would be interesting to in-
vestigate if the alignment strength determined in the two-cell setup also applies to
a multicellular system. For instance, polarity alignment interactions have already
been used to describe the flocking behaviour of epithelial cell lines in 1D tracks
as well as in collective sheet migration [194}/195]. Therefore, a simple setup that
constrains multiple cells within a short lane could provide valuable insights. By
adjusting the lane geometry, we could precisely control the number of cells in the
system and systematically study their collective dynamics. Expanding this study
to a larger set of cells in a controlled environment could enable testing whether
polarity (anti-) alignment interactions translate to the different collective migration
behaviours observed in epithelial versus mesenchymal cells. This exploration would
be particularly relevant in contexts such as wound healing, where cells need to co-
ordinate their movements to close gaps, or in cancer metastasis, where a breakdown
in these coordinated behaviours can lead to invasive cell dynamics. The proposed
future directions, building upon the findings of this study, are summarised in Fig.
(1l

In summary, I employed a strategically designed two-state array to systemati-
cally unravel the underlying mechanisms of migration and cell-cell interaction across
a diverse range of motile cells. Initially, we focused on single-cell behaviour and
discovered that migration dynamics within our micropattern varied significantly de-
pending on cellular phenotype and characteristics, potentially also serving as an
indicator of the invasive potential of these cells. Expanding on this, we examined
the behaviour of pairs of cells and identified diverse cell-cell interaction behaviours
across different cell lines. Through this investigation, we discovered an underly-
ing mechanism of polarity (anti-) alignment interactions that accurately quantified
the observed interaction behaviour across all cell lines. Moreover, it proved robust
against a diverse set of molecular perturbations induced to impact the cell-cell in-
teraction behaviour. These insights could be used in future studies aiming to bridge
the gap between individual cell migration and collective cell movements.
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Future Prospects

Two Cell Systems Multicellular Systems

1 MCF10A

MDAMB231

-~

Figure 7.1: Future directions. Two cell systems: 1) Heterogeneous cell-cell inter-
actions, MDAMB231 with nuclear mCherry stain and A549 with Hoechst stain to
distinguish cell lines. Scale bar = 25 um. 2) Focal adhesion visualisation, integrin
is stained in red and F-actin network in green. Scale bar = 25 um. 3) Cell-cell
interactions in 3D hydrogel dumbbells. Scale bar = 25 pm. Image courtesy of Ste-
fan Stéberl. Multicellular systems: 1) Multiple cells of various cell lines and their
corresponding trajectories on a micropatterned lane. Scale bar = 50 pm. 2) Col-
lective cell migration of MCF10A confined to a square pattern and corresponding
trajectories. Scale bar = 250 pm.
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A. Materials and Methods

A.1 Microfabrication of Dumbbell Pattern

To prepare the surface of the ibiTreat p-dish (ibidi) for micropatterning, a small
drop of 0.01% (w/v) poly-L-lysine (PLL, Sigma-Aldrich) was applied to passivate
the dish. This PLL coating was left to incubate at room temperature for 30 minutes
to ensure full coverage and adhesion to the surface. Following incubation, the dish
was thoroughly rinsed with HEPES buffer (pH=8.3, Thermo Scientific) to remove
any excess PLL. Subsequently, a solution of 100 mg/ml mPEG-SVA (5000 M molec-
ular weight, Laysan Bio) dissolved in 0.1 M HEPES was evenly distributed over the
surface of the dish. This layer was incubated at room temperature for at least one
hour to allow complete reaction of the PEG molecules with the surface, providing an
effective passivation layer. The dish was then rinsed thoroughly with milliQQ water
to remove any unbound PEG molecules.

For the photopatterning process, the PRIMO module (Alvéole, France), mounted
on an automated inverted Nikon Eclipse Ti microscope, was used. After the pas-
sivation step, PLPP gel (Alveole) was diluted in 99% ethanol to achieve a uniform
distribution across the surface. The dumbbell-shaped pattern was then applied to
the dish using the Leonardo software (Alvéole), and the pattern was exposed to UV
light at a dose of 15 mJ/mm? to initiate photopolymerisation.

Following photopatterning, the dish was washed extensively with milliQ) water and
rehydrated with PBS for 5 minutes to prepare the surface for protein adhesion.
Fibronectin-Alexa647 (labelled, Y-proteins, Thermo Fisher) was then added at a
concentration of 20 ug/ml and incubated for 15 minutes at room temperature. This
step allows for the specific binding of fibronectin to the exposed areas of the pattern,
creating distinct regions of cell adhesion that can be utilised for subsequent cellular
studies.

A.2 Cell Culture

The MCF10A cells (ATCC) are cultured at 5% CO2 at 37°C in DMEM/F-12
medium including Glutamax (Gibco) supplemented with 5% horse serum, 20 ng/ml
human epidermal growth factor, 100 ng/ml cholera toxin, 10 ug/ml insulin and
500ng/ml hydrocortisone. For passaging, cells are being washed and treated with
Accutase for 15 min. For experiments the cell solution is centrifuged at 500 r.c.f.
for 6 min and the cells are resuspended in Medium. Approximately 15 000 cells
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are added into the micropatterned p-dish and left to adhere for up to 4h in the
incubator. After this incubation period, the medium is exchanged and 25nM
Hoechst 33342 for staining of cell nuclei is added.

The MCF10A CDHI1 -/- cells (Merck) are cultured the same way as the
MCF10A cells.

The MDA-MB-231 H2B-mCherry were kindly provided by Prof. Timo
Betz at the University of Gottingen. Cells are cultured at 0% CO2 at 37°C in
L-15 medium (Gibco), supplemented with 10% fetal bovine serum. For passaging,
cells are being washed and treated with accutase for 5 min. For experiments the
cell solution is centrifuged at 800 r.c.f. for 3 min and the cells are resuspended
in medium. Approximately 10 000 cells are added into the micropatterned p-dish
and left to adhere for up to 4h in the incubator. After this incubation period, the
medium is exchanged for phenol red free L-15 medium.

The MDA-MB-436 cells (ATCC) are cultured at 0% CO2 at 37°C in L-15
medium (Gibco), supplemented with 10% fetal bovine serum. For passaging, cells
are being washed and treated with accutase for 5 min. For experiments the cell
solution is centrifuged at 800 r.c.f. for 3 min and the cells are resuspended in
medium. Approximately 10 000 cells are added into the micropatterned p-dish
and left to adhere for up to 4h in the incubator. After this incubation period, the
medium is exchanged for phenol red free L-15 medium and 25nM Hoechst 33342
for staining of cell nuclei is added.

The A549 cells (DSMZ) are cultured at 5% CO2 at 37°C in RPMI medium
(Gibco) supplemented with 10% fetal bovine serum. For passaging, cells are being
washed and treated with accutase for 5 min. For experiments the cell solution
is centrifuged at 800 r.c.f. for 3 min and the cells are resuspended in medium.
Approximately 10 000 cells are added into the micropatterned u-dish and left to
adhere for up to 4h in the incubator. After this incubation period, the medium is
exchanged for phenol red free L-15 medium and 25nM Hoechst 33342 for staining
of cell nuclei is added.

The HT1080 cells (cell line authenticated by CLS) are cultured at 5% CO2
at 37°C in Dulbecco’s MEM medium (Gibco) supplemented with 10% fetal bovine
serum. For passaging, cells are being washed and treated with accutase for 5 min.
For experiments the cell solution is centrifuged at 800 r.c.f. for 3 min and the
cells are resuspended in medium. Approximately 10 000 cells are added into the
micropatterned p-dish and left to adhere for up to 4h in the incubator. After this
incubation period, the medium is exchanged for phenol red free L-15 medium and
25nM Hoechst 33342 for staining of cell nuclei is added.

The MDA-MB-231 TRIPZ 200c cells were kindly provided by Andreas
Roidl (reference) and are cultured at 0% CO2 at 37°C in L-15 medium (Gibco),

82



A.2 Cell Culture

supplemented with 10% fetal bovine serum. For passaging, cells are being washed
and treated with accutase for 5 min. For experiments the cell solution is centrifuged
at 800 r.c.f. for 3 min and the cells are resuspended in medium. Stimulation of the
cells with doxycycline was performed at a concentration of 5 pug/ml in L-15 72h
prior to the start of the experiment. Approximately 10 000 cells are added into
the micropatterned p-dish and left to adhere for up to 4h in the incubator. After
this incubation period, the medium is exchanged for phenol red free L-15 medium
supplemented with 5 pg/ml doxycycline and 25nM Hoechst 33342 for staining of
cell nuclei is added.

The MCFT cells were kindly provided by Andreas Roidl and are cultured at
5% CO2 at 37°C in Dulbecco’s MEM medium (Gibco) supplemented with 10% fetal
bovine serum. For passaging, cells are being washed and treated with accutase for
5 min. For experiments the cell solution is centrifuged at 800 r.c.f. for 3 min and
the cells are resuspended in medium. Approximately 10 000 cells are added into
the micropatterned p-dish and left to adhere for up to 4h in the incubator. After
this incubation period, the medium is exchanged for phenol red free L-15 medium
and 25nM Hoechst 33342 for staining of cell nuclei is added.

The MCF7 KO-200c cells were kindly provided by Andreas Roidl and are
cultured at 5% CO2 at 37°C in Dulbecco’s MEM (Gibco) medium supplemented
with 10% fetal bovine serum. The cell line has a miRNA200c knock-out via TALENSs
reporter. The plasmid compromises a puromycin and RFP reporter. For passaging,
cells are being washed and treated with accutase for 5 min. For experiments the
cell solution is centrifuged at 800 r.c.f. for 3 min and the cells are resuspended
in medium. Approximately 10 000 cells are added into the micropatterned p-dish
and left to adhere for up to 4h in the incubator. After this incubation period, the
medium is exchanged for phenol red free L-15 medium and 25nM Hoechst 33342
for staining of cell nuclei is added.

The MDCK II cells are cultured at 5% CO2 at 37°C in Dulbecco’s MEM
medium (Gibco) supplemented with 10% fetal bovine serum. For passaging, cells
are being washed and treated with accutase for 15 min. For experiments the cell
solution is centrifuged at 800 r.c.f. for 3 min and the cells are resuspended in
medium. Approximately 10 000 cells are added into the micropatterned p-dish
and left to adhere for up to 4h in the incubator. After this incubation period, the
medium is exchanged for phenol red free L.-15 medium and 25nM Hoechst 33342
for staining of cell nuclei is added.

The BEAS2B cells are cultured at 5% CO2 at 37°C in Earls’s MEM medium
(Gibeco) supplemented with 10% fetal bovine serum. For passaging, cells are being
washed and treated with accutase for 5 min. For experiments the cell solution
is centrifuged at 800 r.c.f. for 3 min and the cells are resuspended in medium.
Approximately 10 000 cells are added into the micropatterned u-dish and left to
adhere for up to 4h in the incubator. After this incubation period, the medium is
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exchanged for phenol red free L-15 medium and 25nM Hoechst 33342 for staining
of cell nuclei is added.

A.3 Cellular Perturbations with Antibodies and
Drugs

To inhibit the function of E-Cadherin, ephrinA2 and ephrinB2 in our cellular assays,
specific blocking antibodies were utilised. Functional grade CD324 antibody (Invit-
rogen) was employed to disrupt E-Cadherin interactions, while anti-mouse ephrinA2
antibody (OTI3E3, Thermo Fisher) and anti-rat ephrinB2 (Thermofisher) targeted
ephrinA2 and ephrinB2 respectively. These antibodies were added to the culture
following cell adherence to the micropatterned surfaces. The used concentration are
listed in table [A]l

In experiments aimed at perturbing the polarisation machinery of the cells, the
ROCK inhibitor Y27632 (Calbiochem, Sigma Aldrich) was introduced after the cells
had attached to the pattern. The inhibitor was used at a concentration of 2 mug/ml
to effectively interfere with downstream signalling pathways that contribute to cel-
lular polarity and movement. For targeting the microtubules in the cells, a low dose
of nocodazol (Merck) was added to the cells after attachement to the pattern.
Following the application of these treatments, the dishes were incubated for one
hour to allow the cells to adjust to the stress applied to them. Subsequently, time-
lapse imaging was initiated to capture the cellular behaviours in response to these
molecular interventions over time.

Additionally, to induce EMT, cells were treated with 10 ng/ml of TGFS (Thermo
Fisher) for up to seven days. The medium with new TGFS was exchanged every
second day. This long-term treatment was designed to provoke significant changes in
cell morphology and migratory capabilities, mimicking processes that occur during
cancer progression and metastasis.

Blocking antibodies and drugs
Antibody /Drug concentration Reference Number
E-Cadherin 5 pug/ml 16-3249-82 (Thermofisher)
ephrinA2 1 pg/ml MA5-25187 (Thermofisher)
ephrinB2 2 pug/ml JM53-21 (Thermofisher)
Y27632 30 uM SCMO75 (Sigma-Aldrich)
Nocodazol 0.5 uM M1404 (Sigma-Aldrich)
TGF-5 10 nM rcyc-htgfbl (InvivoGen)

Table A.1: Drugs and antibodies used in the experiments. Their respective concen-
trations used to inhibit or block pathways and specific proteins are also listed.

84



A.4 Western Blots

A.4 Western Blots

As a first step in quantifying the expression of specific proteins in the cells, the
proteins have to be extracted. Therefore, the cells are harvested in a T-75 flask in
advance. Cell medium is aspirated and the cells are washed once with PBS. Cell
lysis is achieved by adding 400 pl RIPA (Thermofisher) lysis buffer in the flask. In
order to protect the proteins from degradation, ImM PMSF and a protease inhibitor
cocktail (Thermofisher) are added to the lysis buffer. After an incubation period
of 20 min on ice, cells are removed from the flask by scraping. The cell solution
is centrifuged for 15 min at 14000 xg to remove cell debris. The supernatant is
then transferred to a fresh tube. To determine the total protein concentration in
the cell lysate, a Bradford assay is utilised. For better isolation of the proteins in
SDS-PAGE gel electrophoresis, 35 ug of protein are mixed with 6X laemmli sam-
ple buffer (Thermofisher) and heated at 95°C for 5 min. The samples are loaded
onto precast gradient 4-20% gel (BioRad) and separated by SDS gel electrophore-
sis. The transfer is performed on immuno-Blot polyvinylidene difluoride (PVDF)
membranes (BioRad) with the Trans-blot turbo transfer system (BioRad) during
7.5 min. For determining total protein amount loaded onto the membrane, a Pon-
ceau staining is conducted. After, the membrane are blocked with 5% non-fat dried
milk (ThermoFisher) in PBS 0.1% Tween 20 (Roth) for 1h and then incubated with
the primary antibody (see table at 4°C over night. After three washing steps
with PBS 0.1% Tween 20, the membrane is incubated for 1h with the secondary
antibody conjugated to the horseradish peroxidase (HRP) enzyme (see table
at room temperature. The enzyme reacts with the HRP substrate luminol emit-
ting light at 428 nm. However, luminol emits light only weakly, so enhancers are
added to the reaction to increase the signal. Development was performed using
Pierce western enhanced chemiluminescence (ECL) substrate (Thermofisher) using
a ChemiDoc MP imaging system (BioRad). The intensity of the band was quantified
via densitometry using ImageJ. For quantification, protein amount was normalised
to a beta-actin loading control on the same membrane.

A.5 Immunostaining

After the time-lapse experiment cells are fixed in the dish using ice cold 4%
paraformaldehyde (PFA) in PBS for 15min. After three washing steps with
PBS, cells are permeabilised with 0.02% Triton X-100 (Roth) for 10 min at room
temperature to remove some of the cellular membrane lipids to allow large molecules
like antibodies to enter the cell. The cells are blocked for 45 min in cold 4% BSA
(Thermofisher). Following, the cells were rinsed once with cold 1% BSA. The excess
liquid was removed and the cells were subjected to primary antibodies (see table
diluted in 1% BSA at 4°C over night. After three washing steps with 1% BSA,
cells are incubated for 1h with the secondary antibody conjugated with a specific
fluorophore (see table for detection at room temperature in the dark. Since
the cells are not mounted and sealed on a coverslip, imaging should take place on

85



A. Materials and Methods

the same day.

Primary Antibodies

Protein Host/Isotype | Class Reference Num- | IF WB

target ber conc. | conc.

E-Cadherin | Mouse 1gG1 Monoclonal | 13-1700  (Ther- | 1:200 | 1:1000
mofisher)

N-Cadherin | Rabbit IgG Polyclonal | PA5-85495 1:2000
(Thermofisher)

beta Actin | Mouse IgG1 | Monoclonal | MA1-140 (Ther- 1:10000
mofisher)

EphrinA2 Mouse IgG2b | Monoclonal | 13-1700  (Ther- | 1:100
mofisher)

EphrinB2 Rabbit IgG Monoclonal | JM53-21 (Ther- | 1:50
mofisher)

Table A.2: Primary antibodies and the concentration used for Western Blots or

Immunostaining
Secondary Antibodies
Conjugate Target species Class Reference | IF WB
Number conc. | conc.
Alexa Fluor 488 | Mouse Polyclonal | (Thermo- | 1:1000
IgG (H+L) fisher)
Alexa Fluor 647 | Mouse Polyclonal | (Thermo- | 1:1000
IgG (H+L) fisher)
Alexa Fluor 488 | Rabbit Polyclonal | (Thermo- | 1:1000
IgG (H+L) fisher)
Rhodamine Phalloidin R415 1:1000
(Ther-
mofisher)
HRP Anti-mouse Polyclonal | 32430 1:10000
IgG (H+L) (Ther-
mofisher)
HRP Anti-rabbit Polyclonal | 31458 1:10000
IgG (H+L) (Ther-
mofisher)

Table A.3: Conjugated secondary antibodies and the concentration used for Western
Blots or Immunostaining

A.6 Transfection Procedure

Before transfection, cells were cultured in a non-patterned p-dish (ibidi) until they
reached 90% confluency. For the transfection process, Lipofectamine™ 2000 (In-
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vitrogen, Germany) was used to introduce E-Cadherin mRNA into the cells. The
transfection mix was prepared by combining 2 pul of Lipofectamine™ 2000 with 398
ul of OptiMEM (Invitrogen), followed by a 5-minute incubation step at room tem-
perature to allow the reagent to form liposomes. Concurrently, 2 pl of E-Cadherin
mRNA at a concentration of 1735 ng/ul was diluted in 198 pl of OptiMEM. This
mRNA solution was then gently mixed with 200 ul of the prepared Lipofectamine™
2000 dilution and incubated for an additional 20 minutes at room temperature to
form lipoplexes.

After this incubation period, the cells were washed once with OptiMEM to remove
any residual media and debris. The newly formed lipoplexes were then added to
the cells, ensuring an even distribution across the dish. The cells were incubated
with the lipoplexes for at least 1 hour, allowing sufficient time for the lipoplexes
to facilitate mRNA entry into the cells. Subsequently, the cells were washed again
to remove any unbound lipoplexes and then returned to normal growth medium to
recover and express the introduced mRNA.

For control experiments, similar transfections were conducted using GFP-mRNA to
analyse the impact of the transfection procedure on cell dynamics. Additionally,
some control groups were treated with lipoplexes where milliQQ water was used in-
stead of mRNA, serving as a negative control to assess any effects caused by the
transfection reagent itself. These controls are essential for validating the specificity
and effectiveness of the transfection protocol.

A.6.1 mRNA Construction

To produce in vitro-transcribed mRNA (IVT RNA), the plasmid (Addgene plasmid
# 45769) was first linearized downstream of the poly(A) tail using Sapl digestion and
then purified using the NEB Monarch PCR and DNA Cleanup Kit (NEB, T1030S).
One pg of this linearised vector served as the template for the in vitro transcription
reaction, conducted with the Biozym MessageMAX™ T7 ARCA-Capped Message
Transcription Kit. This kit ensures that 100% of the Anti-Reverse Cap Analog is
incorporated in the correct orientation, thereby enhancing the translation efficiency
of the IVT RNA. The reaction mixture was incubated at 37°C for 45 minutes,
followed by DNA removal using DNasel for 15 minutes at the same temperature.
The RNA was then precipitated using ammonium acetate at a final concentration
of 2.5 M and washed twice with 70% ethanol. Finally, the RNA pellet was dissolved
in RNase-free water.

A.7 Time-Lapse and Confocal Microscopy

Time-lapse measurements were conducted over a 48-hour period using either an in-
verted Nikon Eclipse Ti microscope or an inverted Nikon Eclipse Ti2 microscope.
For these observations, either a 10x or a 20x objective was utilised, with the latter
specifically for MDAMB231 cells transfected with E-Cadherin. The samples were
maintained in a heated chamber (either Okolabs or Ibidi) at 37°C, with an atmo-
sphere of 5% CO2 applied exclusively for MCF10A cells. Images were captured
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every 10 minutes, alternating between brightfield and fluorescence imaging (using
either a DAPI or mCherry filter, based on the cell line) to facilitate cell tracking. To
maximise data throughput, the setup was configured to record multiple positions,
allowing the microscope to cycle through them within each 10-minute interval. The
micropattern was recorded once at the beginning of the time-lapse in the corre-
sponding fluorescence channel (Alexa 488 or Cyb).

For confocal microscopy a ZEISS LSM 980 with Airyscan 2 microscope was utilised.
The fixed and immunostained samples were imaged using a 40x water immersion
objective and the airyscan mode for better resolution. Z-Stacks of up to 20 pm were
acquired. Airyscan images were processed using the ZEISS LSM software.
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B.1 Cell Exclusion Criteria

The nucleus of each cell was tracked to analyse the dynamics of different cell lines.
Given the extensive dataset, a preliminary selection of cells was performed based on
a set of criteria to ensure high comparability between various experiments and cell
lines. The eligibility criteria for tracking cells included:

1. The cells must be fully adhered to the pattern. Tracking only commences once
cells have flattened out on the pattern, as rounded cells are not fully attached.

2. The cells must be viable, as determined by their morphologies and nuclear
shapes. For example, cells exhibiting cytoplasmic bubbles were excluded from
analysis.

3. The cells must be free of physiological defects. Any abnormalities such as
multiple nuclei or disrupted nuclei result in the exclusion of those tracks.

4. The trajectories must span at least 50 consecutive frames (equivalent to 500
minutes).

5. Cells that are not fully confined within the boundaries of the micropattern are
excluded.

6. Cells that undergo apoptosis or any form of cell death during the experiment
are also excluded.

7. Experiments displaying any signs of bacterial infection are completely excluded
from the analysis.

B.2 Tracking Procedure

The selection of single cells and cell pairs on the micropattern was carried out
manually in compliance with the specified cell selection criteria. Once selected,
the cells were individually cropped from overview positions that may contain up to
50 dumbbells each. This cropping was performed using ImageJ. Additionally, the
original time-lapse movies were adjusted such that the long axis of the micropattern
is aligned horizontally. This orientation facilitates easier analysis of cell movements
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B. Image and Data Analysis

and interactions across the micropattern. The cells trajectories were determined by
tracking the nuclei signals over time. The tracking was done by an in house code
using TrackPy (Python Version 3.10.5). The trajectories were inspected manually to
correct for tracking mistakes. Lastly, the fluorescence image of the micropatterned
was used to determine the coordinate origin of the trajectories. The origin was set at
the centre of the bridge. The resulting tracks were then converted from pixel values
to micrometers (0.648 pum for measurements done at the Nikon Ti microscope).
The resulting trajectory data sets for all single cell experiments and all two-cell
experiments with corresponding perturbations are listed in Table and Table
respectively.

B.3 Error Analysis

The errors of the experimental observables as well as in the model prediction for the
dwell times, instantaneous velocity cross-correlation, behaviour distribution statis-
tics and position in the interaction behaviour space, were calculated by a bootstrap-
ping procedure. This procedure is a statistical technique used to estimate charac-
teristics of a population by leveraging the resampling of a dataset. Here, our data
consisted either of N cell pair trajectories denoted as xj, where £k = 1,..., N, or
single cell trajectories represented as D = X1, X5, ..., Xy, each with N entries. We
then generated a large number Npg of bootstrap realisations. For each realisation,
we randomly sampled entries from the original dataset (either Xy or the N cell
pair trajectories) with replacement. Each of these bootstrap samples was the same
size as the original dataset, but because sampling was done with replacement, some
observations may appear more than once while others may not appear at all. The
error associated with an observable ©,,, measured from the experimental dataset,
was now determined by calculating © for each of the Npg bootstrap realisations.
We then used the standard deviation of these © values as an estimate for the error
in ©¢,p. This provides a measure of how much ©,,, might vary due to the inherent
variability in the dataset. For providing errors to our model prediction observables,
we performed underdamped Langevin inference for all Ngg bootstrap realisations
and then simulated several trajectories in order to estimate © for each set of tra-
jectories. Again, the standard deviation of all © was used to estimate the error in
@model [247 25] :

B.4 Collision Events

To analyse the behaviour distribution of each cell line, we initially categorised the
collision events, reversal, sliding, and following, based on the paired trajectories of
cell pairs. A collision event was identified when the nuclei of two cells come within a
proximity of Az.. We set Ax.=20um, which is slightly greater than the typical di-
ameter of a cell on one dumbbell-patterned island. To differentiate between reversal
and sliding events, it was crucial to determine whether the cells exchanged positions
during the collision. If the cells remained in their original positions post-collision,
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B.4 Collision Events

cell line perturbation ‘ N ‘ comment

MCF10A wildtype 251 including data adapted
from [25]

MCF10A E-Cadherin KO 65

MCF10A E-Cadherin blocking 89 adapted from Georg
Ladurner

MCF10A Y-27632 72 adapted from Georg
Ladurner

MCF10A ephrinA2 blocking 103 adapted from Georg
Ladurner

MCF10A TGFp 101

A549 wildtype 100

HT1080 wildtype 87

MDAMB436 wildtype 102

MDAMB231 wildtype 185 including data adapted
from [25]

MDAMB231 ephrinB2 blocking 102

MDAMB231 uninduced o8

TRIPZ 200c

MDAMB231 doxycycline 100

TRIPZ 200c

MDAMB231 doxycycline 76

TRIPZ CTRL

MDAMB231 ephrinB2 blocking 102

MDAMB231 E-Cadherin transfection | 63

MDAMB231 GFP transfection 97

Beas2B wildtype 87

MDCKII wildtype 100

MCEF7 wildtype 80

MCF7 miRNA200c KO 59

Table B.1: Overview over the various cell-cell interaction experiments conducted in
this thesis. Here, N is the number of trajectories extracted from the experiment
and used for analysing cell dynamics.

the event was classified as a reversal; if they switched positions, it was identified as
a sliding event. These movements were detectable in the trajectories. We chose a
fixed observation window of dT'=1h after the collision to accurately identify these
events. During this period, a position switch indicated a sliding event, while the ab-
sence of such a switch indicated a reversal event. Additionally, to minimise artifacts
from cells frequently entering and leaving this proximity threshold, we defined the
time-scale between subsequent transitions as longer than dT. Following events were
characterised by a head-tail collision that leads to cell adhesion. In the trajectories,
a following event was noted when two cells make the same transition across the
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B. Image and Data Analysis

cell line perturbation ‘ N ‘ comment

MCF10A wildtype 215 including data adapted
from [25]

MCF10A E-Cadherin KO 100

MCF10A E-Cadherin blocking 89 adapted from Georg
Ladurner

MCF10A TGFp 63

A549 wildtype 100

HT1080 wildtype 98

MDAMB436 wildtype 102

MDAMB231 wildtype 149 including data adapted
from [25]

MDAMB231 uninduced 85

TRIPZ 200c

MDAMB231 doxycycline 94

TRIPZ 200c

MDAMB231 doxycycline 89

TRIPZ CTRL

MDAMB231 E-Cadherin transfection | 45

MDAMB231 GFP transfection 90

MDCKII wildtype 91

MCF7 wildtype 62

MCF7 miRNA200c KO 44

Table B.2: Overview over the various single cell experiments conducted in this thesis.
Here, N is the number of trajectories extracted from the experiment and used for
analysing cell dynamics.

bridge within d7' [24,25].
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