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Abstract

Chemical and physical properties of the environment regulate diverse processes such as cell
differentiation, proliferation, or apoptosis. To migrate, cells need to quickly adapt to the
environmental characteristics. Cells are able to sense the properties of their surroundings
by establishing adhesions and applying force through them. Adhesions are regulated by the
engagement, clustering, and turnover of adhesion receptors. The interaction between the
cell and the extracellular matrix (ECM) is mediated through focal adhesions (FAs) or focal
complexes which present a high concentration of the integrin family adhesion receptors. Cells
also interact with their neighboring cells through different adhesive structures like adherens
junctions, which also contain high levels of another transmembrane receptors known as
cadherins. These cell-ECM and cell-cell adhesions are crucial in mechanosensing processes.
They are responsible for the transmission of cell generated forces to their surroundings
and they participate in the transduction of mechanical cues into biochemical signals. The
influence of these adhesive structures in cell movement is crucial. Cells use them to test
their surrounding, reorganize their structure and exert forces needed for their movement.
Moreover, cell movement and shape significantly vary depending on the stiffness of the
substrates or depending if migration occurs on flat substrates or three-dimensional matrices.
The presence of other cells has also an important impact on migration. When cells move
collectively, they establish a collaboration between them, through cell-cell adhesions, to
achieve a more efficient migration. Cell-cell junction stability in some cell monolayers, like
the endothelium, is crucial during diverse processes, including inflammation and cancer
metastasis. The rupture of adhesion results in the formation of gaps which are critical for
enabling immune or cancer cells to effectively transmigrate through the endothelium into or

out of the vasculature.
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In this thesis, we study, from a mechanical point of view, the role of these different
adhesion structures in diverse processes such as cell migration or endothelium cell junction
integrity. We focus on how mechanical properties of the environment influence the formation
of adhesion and force transmission. To achieve this goal, we design four different compu-
tational models to simulate the force transmission process through cell-ECM or cell-cell
adhesion in different scenarios and we study the emergent behavior of the system for each

case.

First, we propose a discrete approach to simulate cell-ECM adhesions during actin
during filopodium retraction. We analyze how mechanical properties of a 2D substrate
influence adhesion and force transmission. This numerical model provides an individual
analysis of the proteins involved including spatial distribution, interaction between them, and

study of different phenomena, such as clutches unbinding or protein unfolding.

Second, we create a model for simulating different local extracellular matrix properties
in order to unravel the fundamental mechanisms that regulate the formation of cell-matrix
adhesions in 3D. We aim to study the mechanical interaction of these biological structures
through a three-dimensional discrete approach, reproducing the transmission pattern force

between the cytoskeleton and a single extracellular matrix fiber.

Third, we simulate how cells migrate individually and collectively in 2D substrates with
rigidity gradients. We use a hybrid approach that combines continuous formulation of truss
elements and a particle-based approach to simulate the dynamics of cell-ECM adhesions and
cell-cell interactions. This model allows us to understand how collective behavior emerges
and shows the basic physics of cell movement under stiffness gradient conditions. We show
that cells move towards the stiffer part of the substrates due to their ability to deform more
the substrate in the part of lower stiffness than in the stiffer part. This effect explains why
cell collective movement is more efficient than single cell movement in stiffness gradient
conditions. In addition, we numerically evaluate how gradient stiffness properties, cell
monolayer size and force transmission between cells and extracellular matrix are crucial in

regulating durotaxis.

Finally, we simulate an endothelial cell monolayer and show how the dynamic nature
of the endothelium leads to spontaneous gap formations, without interference from the
transmigrating tumor cells. The proposed model is based on contractile mechanical elements
(stress fibers and actin cortex) within single cells, which are connected to neighboring cells
through VE-cadherin based cell-cell adhesions. These adhesions can randomly bind and

unbind in a force-dependent manner. We use the model to show that these gaps preferentially
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appear at the vertices of three endothelial cells, as opposed to the edges between two cells. In
addition, this model is capable of predicting gap lifetime and size. We perform parameter
studies and identify how the competition of tightly balanced mechanical properties, including
cell stiffness, radial or tangential contractility or adhesion strength critically affect gap

formation or duration.
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Chapter

Introduction

1.1 Motivation and research objectives

The development of technologies to simulate the micro-environment, in which cells interact
with tissues, is fundamental in many areas of biomedical research, such as regenerative
medicine, cancer treatment or drug development. In the past recent years, the tendency
to develop computational simulation models capable of reproducing and even predicting
biological phenomena under different conditions has increased. The fundamental objective of
these models is to provide a physical-chemical base able to explain the different phenomena
and to reduce both in-silico and in-vivo experimentation, with the consequent economic and

ethical impact that this fact entails.

This thesis focus on both cell-extracellular matrix interactions and cell-cell interactions.
These interactions are crucial in different processes such as differentiation, migration, wound
healing and cancer metastasis. Due to this importance, in the recent years, authors have
focused on trying to understand the chemical and physical mechanisms underlying these
interactions. Aberrant cell motility contributes to diseases such cancer metastasis whereas
failure in the cell-cell junctions of a cell monolayer could lead to tumor cell extravasation [58].
These interactions involve multi-protein complexes combined to form the adhesion between
cells and their environment. Adhesions are mainly governed by mechanical processes which
determine the cell fate. For example, they are able to regulate the type of migration of the

cell [53, 204] or the stability of the cell-cell junctions in a cellular monolayer [91]. It is
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also known that cells adhere and migrate differently when they are located in 2D or 3D
matrices [86] and they also present different behavior when they move isolated or in groups
(collective migration) [189]. Cells are able to differentiate the environment characteristics
through these multi-protein complexes that conform the different adhesions. It is therefore
essential to understand how these adhesions work and how the force is transmitted through

them to understand cell behavior in these different scenarios.

The fundamental objective of this thesis is to advance in the understanding of the
mechanical mechanisms that regulate the adhesive properties of cells. In particular, the
interaction between the cytoskeleton and proteins that regulate adhesion to the extracellular
matrix (integrins) and other cells (cadherin) will be studied (See Fig 1.1). More specifically,
we will focus on the role of these interactions in phenomena such as cell migration or cell
monolayer cell-cell junction integrity. To this end, algorithms will be developed to simulate
the biomechanics of the different molecules involved in the adhesions and observe the
emergent behavior of the system in different scenarios. The different implemented models
are discrete or hybrid (continuous and discrete) and they combine elemental mechanical
equations with Brownian dynamics and biochemical laws for adhesion binding and unbinding.

The scenarios analyzed with the different models are the following:

Cell-cell adhesion Cell-ECM adhesion

4 N
Tight junction

Adherens junction

Extracellular matrix

Focal adhesion Focal complex

Fig. 1.1 Adhering cells. Cells can adhere to other cells through different structures such as
tight or adherens junctions (left). They can also bind to the extracellular matrix through focal
adhesions or focal complexes (right). Adapted from [130].

* The interaction between a cell and a 2D substrate. We try to unravel the mechanism of
force transmission during actin retraction. We focus on understanding the role of the
different elements involved: matrix stiffness, ligand distribution, myosin activity or

adhesion availability.
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* Cell-ECM interactions in a 3D environment. The objective is to observe the same
phenomena studied before but with 3D fibers instead of a flat substrate. We focus on
analyzing how different aspects such as crosslinking stiffness, adhesion binding laws
and geometrical positions between fiber and cell might influence the force transmission

and adhesion characteristics.

* The role of cell-ECM and cell-cell contacts in cell migration. We aim to understand
how force transmission at both levels (cell-cell and cell-ECM) influence migration in
2D. We analyze how extracellular matrix properties might guide migration directions
and which aspects (cell contractility, cell-ECM adhesion size, collective vs single

movement,...) promote migration.

* Mechanisms that leading to the failure of the cell-cell junctions in the cell monolayer.
The objective is to study how mechanical properties of the cell, cell-cell adhesion
properties, and force distribution may lead to the generation of gaps in the cellular

monolayer barrier.

1.2 Cell adhesion and migration

Cells are the smallest units of life that can replicate independently. Cells can be divided into
eukaryotic cells, which contain a nucleus, and prokaryotic cells, which do not, and they all
vary in structure, shape, and function [19]. In this manuscript, we will study some features of
only eukaryotic animal cells. There are about 10'# cells in a human body and their size is in
the range of tens of micrometers [4]. Between them we can find about 200 major cell types
and all of them have the same genome; however, due to differentiation process, they all have

different gene expression [177].

Cells are delimited by a plasma membrane which consists of a fluid lipid bilayer that
carries a wide variety of membrane bound proteins. The actin cortex is located underneath
the cell membrane, it consists of a polymer structure formed by crosslinked actin filaments
that govern the mechanical response of cell deformations. The cytoplasm is contained within
the limits of the membrane and corresponds to the cell volume (excluding the nucleus);
it contains the cytosol, different cell organelles and highly crosslinked polymer networks
of actin filaments, microtubules, and intermediate filaments that are collectively known
as cytoskeleton (CSK)[19, 177, 89]. Inside the CSK, molecular motor proteins myosin II
pulls from the actin filaments provoking cell contraction and being responsible for the force
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generated process inside the cell. Migrating cells present typical structures like lamellipodia
and filopodia. The lamellipodium is located at the edge of the cell, it is a very dynamic
structure that is constantly moving as consequence of myosin activity. It grows due to
processes of actin filament polymerization, capping, cross-linking and branching [154, 155,
161]. In the lamellipodium, protruding finger-like structures known as filopodia are originated
(see Fig. 1.2).

Protrusion

Filopodial Filopodium
adhesion

Nascent adhesion
Actin filament
Disassembling
adhesion

Focal complex

Focal adhesion

Lamellipodium

Transition zone

Lamellum

Dorsal-ventral
actomyosin
bundle or
filament

Fig. 1.2 Structure of an adhering cell. At the leading edge of the cell, filopodia and
lamellipodia create protrusions and establish dynamic adhesion with low stability known as
nascent adhesions. Adhesion maturation to focal complexes and focal adhesions occurs in
the inner part of the lamellipodium and in the lamelum. Adapted from [148].

The extracellular matrix (ECM), a fibrous network made of different components like
fibronectin or collagen, is located outside the cell boundaries. Cells are able to adhere to the
extracellular matrix through trans-membrane proteins called integrins. Integrins are located
in the cell membrane and bind the actin filaments inside the CSK with the ligands in the
ECM through different adapter proteins (talin, vinculin, paxillin,...) [96]. These adhesions
have different names depending on the cell location where they occur and on their stability.
Adhesion sites are typically located in between the polymerization dominated lamellipodium
and the myosin-dominated contractile structures (stress fibers) located closer to the lamella.
The stress fibers and lamellipodium are actin assemblies that constitute the two main force-
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generating structures for adhering cell, creating pulling and pushing forces. Adhesion located
in the lamellipodium and filopodium are usually called nascent adhesion. They are transient
adhesions with low stability that tend to appear and disappear at high frequencies. The
exact organization of the lamellipodium varies as a function of cell type, motility state, and
external signals [196, 206]. One of the most important aspects of lamellipodium growth is
the force-velocity relation, objective of various modeling approaches [31, 218, 175, 114].
As we move to the inner part of the lamellipodium, adhesions start to mature and become
more stable; they are usually called focal complexes. The lamellum is the part behind the
lamellipodium closest to the cell body. Actin filaments gather together and form more stable
structures known as stress fibers. The adhesions in this part are generally referred as focal
adhesions (FAs) and they have greater stability. They constitute the main sources of cellular
forces that are exerted on the substrate since they are often found at large adhesion sites

correlating with large forces [11].

Through the cell-ECM adhesions, the cell is able to transmit the force generated by
the cytoskeleton to the ECM. Cells can only respond to the physical properties of the
environment when they are able to actively generate and transmit forces to their surroundings.
Therefore, this force transmission is crucial for cell fate since it allows the cell to sense
and consequently react to the environment that surrounds it. This opens a new line of
applications for tissue engineering and regenerative medicine since these physical signals are
more permanent and easy to control than biochemical or genetic manipulations [177]. For
example, mechanical properties of the substrate and adhesive characteristics are crucial in

regulating cell differentiation [64, 98]

Adhesions not only occur at the cell-ECM level, cells also interact with each other
through a different adhesion complexes known as tight junctions (TJs) and adherens junctions
(AJs). Cadherins, located in the AJs, are one of the main proteins involved in cell-cell force
transmission [125]. Cell-cell interactions are also crucial for different cellular processes. For
example, cells behave in a different way when they are isolated or when they are surrounded
by other cells. They develop a mechanism based on the force transmission to cell-cell contacts
in order to migrate in a more efficient way than when they move isolated. Cell monolayer
integrity is also regulated by these kinds of interactions; rupture of cell-cell adhesion provokes
gap generation between cells allowing other cells to trespass the monolayer barrier. Due
to its relevance in different biological phenomena, it seems crucial to understand how this
force transmission at both cell-ECM and cell-cell levels influence them and, at the same time,

understand how these forces modify the level of adhesion in both scenarios.
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Adhesion assembly (at both levels, cell-ECM and cell-cell) depends on different factors.
First of all, the proteins that bind should be close to each other in order to perform the
adhesion. The concentration of binding proteins or binding sites in the ECM as well as force
level are also relevant. Adhesions grow as the force does, this is due to a reinforcement
phenomenon. Force provokes protein unfolding, this unfolding leads to an increase in the
available binding sites for vinculin recruitment . When vinculin attaches, it provokes a

strengthening of the adhesion [148].

Adhesion breaking is a force dependent process. There are two main laws that describe
adhesion lifetime depending on the force: Slip bond law and catch bond law. These laws will

be explained further in this chapter.

Cell migration is a complex process that all nucleated cells do. It is involved in tissue
maintenance, formation, and regeneration as well as pathological conditions like cancer
invasion [72]. Motile cells adapt to the different environmental conditions such as ECM
dimensions, density, stiffness, presence of other cells and which define their way migration.

In general, cell movement involves different stages (see Fig. 1.3).

Release Translocation  Attachment Protrusion
actin filament actin/myosin focal adhesion  actin
contraction and contraction formation polymerization
focal adhesion
sacrifice movement
_—
retraction filopodium

edg\e | O .\ame V um
ﬁ ﬁ ﬂ // ﬁﬁ ﬁ\\

—7 _ contracting new focal
focal adhesion actin/myosin adhesion
about to be lost filaments

Fig. 1.3 Cell migration stages. Cell movement involves the formation of protrusion at the
front of the cell, adhesion of such protrusions, detachment of adhesions at the rear of cell and
translocation of the cell body. For this chain of events myosin generated forces are essential.
Adapted from [41].
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1.2.1 Cell-ECM adhesion

Focal adhesions (FAs) are multifunctional organelles that mediate cytoskeletal regulation and
signaling, force transmission and cell-ECM adhesion [76]. FAs consist of a complex network
[215] of cytoplasmic proteins and membrane integrins that form a 200-nm plaque [69, 38]
which links the cytoskeleton with the ECM. FAs have been deeply studied in the recent years
due to their well-known importance in phenomena such as morphogenesis, immunity and
wound healing [96]. Through them, cell generated forces are transmitted to the extracellular
matrix allowing the cell to sense the mechanical properties of the tissue that surrounds it
and respond consequently. These forces deform the substrate in the short term but, at longer
time scales, they can provoke reorganization of substrate fibers and cytoskeleton polymers
[177]; in fact, substrate characteristics modify the size of adhesive regions and provokes
reorganization of the cellular cytoskeleton. This means that cellular function and structure
are very sensitive to the substrate stiffness[54]. For example, cells tend to spread more and
have larger adhesive regions on stiffer substrates. They also prefer to move from softer to

more rigid substrates (a process known as durotaxis) [194, 189].

The complexity of focal adhesion composition and dynamics implicate an intricate
molecular machine [96]. Studies with super-resolution microscopy have provided insight
of the nano-organization of FAs [93] and the molecular layers present in them (see Fig.
1.4). Paxillin and highly signaling proteins focal adhesion kinase (FAK) are located in the
signaling layer, the closest to integrins in the membrane. The next layer binds the actin
filament with the integrins and it is known as the force transduction layer. It contains talin and
vinculin proteins: talin proteins unfold under stress forces and bind the actin monomers in
the cytoskeleton with the integrins in the membrane. Mechanical stretching of talin promotes
its binding to vinculin and, at the same time, vinculin binding inhibits talin refolding after the
force is released [212]. This force-dependent interaction between vinculin and talin is crucial
for the initiation and growth of focal adhesions. Actin stress fibers and actin regulatory are
the next layers, containing VASP, zyxin and a-actinin [93].
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Fig. 1.4 Focal adhesion architecture. Actin filaments in the cytoskeleton are bound to the
integrins placed in the membrane through different force sensitive proteins. Integrin binds
with the extracellular matrix outside the cell and transmit the force generated inside the cell
to the substrate. Adapted from [33].

1.2.2 Cell-cell adhesion

For both epithelium and endothelium layers, cell-cell junctions are crucial for the remod-
eling and integrity of the entire cell layer. Multiple physiological and patho-physiological
processes such as wound healing, barrier function, angiogenesis, and inflammation require a
mechanically stable connection of cells [3]. Cell-cell interaction also plays an important role
in cell migration. The way cells migrate changes when they are isolated or when they are
located in a monolayer with other cells. Endothelial cells have at least two different adhesive
regions that which are comparable to tight junctions (TJs) and adherens junctions (AJs) found
in epithelial cells. Adherens junctions are involved in starting cell-cell contacts and maintain
their stability. On the contrary, TJs control the passage of soluble factors [SO]. Adherens
junction proteins might vary depending on the cell type, however, the cadherin/catenin
complex and actin filaments are always present, mediating adhesion of adjacent cells and

constituting a precondition for overall junction differentiation and regulation [25, 3].

Endothelial monolayer integrity Vascular endothelial cadherin (VE-Cadherin) is one of
the main proteins that regulates endothelial cell-cell junctions, responsible for maintaining
the vascular integrity. Intracellular signals caused by inflammatory cytokines or permeability-
increasing agents provoke the formation of gaps in the cell-cell contacts which allow solutes
or cells to cross the endothelial barrier [16, 104]. In general, these gaps are reversible and
can close quickly, unless chronic inflammation occurs [49]. Disturbed endothelial junctions
are often found in patho-physiological conditions such as inflammation, vascular leakage,

atherosclerosis, and tumor-associated angiogenesis [12, 91] (see Fig 1.5).
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Fig. 1.5 Endothelial gap formation and transmigration. A) VE-cadherin rupture and gap
formation. B) Cell migrating through a gap and trespassing the endothelial barrier. Adapted
from [138].

VE-Cadherins are linked with the actin in the cytoskeleton by proteins such as « -
Catenin, Eplin, and Vinculin [61, 2]. Cadherin and vinculin complexes transmit forces and
also act as active mechanosensors [110]. In the same way as in FAs, in cell-cell adhesions
although vinculin recruitment is not necessary for junction formation, maintenance, or
remodeling, it promotes adhesion stability and protects endothelial junctions from opening
during force-dependent remodeling [91]. The strength of VE-cadherin adhesive bonds also
works in a stress-dependent manner [107].



10 Introduction

1.2.3 Physical laws for bond adhesion and rupture

The stability of adhesions was first addressed by Bell [18]. Unbinding was assumed a force

dependent process and the author proposed an unbinding rate (k,rr) of:

kops = koe™/™" (L.1)

where kg is the unbinding rate for zero force (in s~1) and FY the molecular-scale force
(typically of the order of pN) and F}, is the modulus of the current force of the bound. This
equation is known as the Bell’s equation and it can be used to simulate the exponential force
dependent behavior seen in the slip bond law. This law has been used for different authors to

simulate focal adhesion formation [34, 62, 63].

A pure catch bond law is the opposite to a slip bond law: higher forces mean higher
stability. Different works have shown that cell-ECM and cell-cell contacts can also behave as
catch bonds until a point where force increment also provokes less stability [146, 106]. This
kind of behavior is known as catch-slip bond, since it shows a response of catch bond law for
low forces and a response of slip bond law for high forces. It can be simulated as the sum of
two exponential curves (of catch and slip bond) [141]:

kors = koexp(®. — @) + exp(P — Dy), (1.2)

where ® = F}, /F* and ®,, @, are the parameters of the catch and slip bond regimes respec-
tively. F* is used to normalize the force and Fj, is the modulus of the current force of the
bound.

Fig 1.6 shows the comparison between two types of law. Slip bond law lifetime decreases
exponentially as the force increases, having its most stable point when forces are null. On the
contrary, cath-slip bond law has medium stability when force is null. As the forces increases
so does the lifetime of the bond until it reaches a maximum point of stability. After that point
lifetime decreases exponentially with force. During this thesis, we will use these two laws,
but sometimes, for simplicity reasons we will refer to the catch-slip bond law as simply catch

bond. Pure catch bond law will not be considered during this thesis.
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Fig. 1.6 Typical adhesion unbinding law. Catch and slip bond. Bond lifetime depending
on the force for the two typical laws for adhesion unbinding (Slip and catch-slip bond).

1.2.4 Cell migration

Cell migration is a complex and heterogeneous process which affects all nucleated cell types
during some time of their development. Cells present different modes of migration depending

on different factors, being particularly important the extracellular matrix characteristics [72].

Modes of migration can be classified into different categories: ameboid or mesenchymal
migration for single cells and collective migration for a group of cells. Ameboid migration
refers to a movement where the cell barely establishes adhesions with the extracellular matrix
and lacks of stress fibers and mature focal adhesions. They normally generate weak adhesions
localized at the filopodia leading edge with low force transmission [213, 183]. If the cell
does not have focal contacts at all, it is also known as blebby migration and, in this particular
case, there is no pulling or pushing the substrate [68, 170]. In mesenchymal migration, cells
can present high levels of attachment with the ECM and develop a consistent cytoskeletal
contractility [121, 81]. Cell movement is produced as a response to the environmental
characteristics. These different environmental characteristics (ECM ligands with different
macromolecular and structural organization, which includes orientation, dimension, stiffness,
and density) impact critically migration type and efficiency. In response to these different
characteristics, the CSK adapts in a dynamic way modifying its geometry in time and space
[81, 97]. When cells have no adhesion (blebby migration), cells are rounded and they
use a propulsive-pushing way of migration (see Fig. 1.7) [68, 170]. When cells present
strong adhesions they transmit the myosin generated forces to the surrounding tissue. In this
scenario, cells create protrusions through actin polymerization which bind to the available
adhesion sites at the ECM [210].
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Fig. 1.7 Cell migration modes depending on the adhesion to the substrate. Movement
can be mesenchymal, ameboid or blebby depending on the level of adhesion. Adapted from
[191].

In response to environmental determinants, the actomyosin cytoskeleton adapts in
a dynamic manner and generates different geometries in space and time, ranging from
flat and spread out to roundish, elongated, or multipolar shapes [81, 97]. To transmit
actomyosin-driven forces to surrounding tissue structures, the cell either develops actin-
polymerization—driven protrusions that bind to adhesion sites of the tissue through adhesion
receptors [210], or it uses poorly adhesive intercalation and propulsion [145]. In both cases,
subsequent to leading edge protrusion, actomyosin contraction leads to retraction of the cell
rear and translocation of the cell body [145]. The cyclic repetition of protrusion, cell-ECM

interaction and cell rear retraction is what provokes the cell movement [72].

Cells can also move in groups, this is known as collective migration. Collective mi-
gration is vital during cell development and in processes such as building, shaping, and
remodeling complex tissues. It also contributes to cancer progression by local invasion [71].
Different factors can affect collective migration such as the strength of adhesion, cell density
or ECM constraints [72]. As in single cell migration, communication between matrix and
cell is crucial for the process; for collective migration, it is also important to consider the
role of cell-cell contacts. Collective behavior is not the result of an independent group of
cells that moves in the same direction. Chemical and mechanical coupling through cell-cell
contacts allow cells to influence the behavior of one another and modify the supracellular

front-rear polarity [48]. A hierarchy is established between the group of cells, where some
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cells act as the leaders guiding the others. These leaders sense the mechanical and chemical
cues that guide migration. Cells communicate and cooperate each other by transmitting the
force through cell-cell contacts. This results in a more efficient migration [189, 190, 48] (see
Fig 1.8).
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Fig. 1.8 Cell migration. Single vs collective. A) Single cell migrating by establishing
adhesions at the front and disengaging adhesion at the rear. B) Collective migration. Cell
is bound through cell-cell contacts and one of the cells creates strong adhesion with the
substrate leading the others by force transmission through the cell-cell adhesion. Adapted
from [138].

Cell movement direction can be guided by different external stimuli that cells are able to
sense. Some examples of guided movement are: haptotaxis (cells migrate as a consequence
of gradient in the adhesion binding sites of the ECM), chemotaxis (movement is guided
by chemical cues), electrotaxis (electrical stimuli) or durotaxis (movement depends on the

substrate rigidity, cells tend to migrate to stiffer substrates).

3D vs 2D Different physical properties of the ECM provoke significant difference between
cell migration in 2D and 3D. In 2D migration, cells are flat and rounded and move on top of
the substrate. The ECM characteristics that cells are able to sense are mainly mechanical
rigidity and ligand availability for establishing adhesions. However, cell migration in 3D
tissues is more complex and there are more aspects needed to be considered. Cells move
inside a fiber network, they need to deform the matrix and degrade it to generate some space
to go through. Cells also have to deform their body to pass through these gaps between the
fibers. Moreover, they have to establish adhesions along the matrix fibers during the process.
It is clear that to understand cell 3D migration, more variables than in 2D migration have to
be considered: cell deformability, matrix degradation, matrix density and matrix mechanical
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stiffness. During the past recent years, many authors have focused their work on trying to

unravel the mechanisms behind 3D cell migration.

1.3 Computational modeling background

Computational models are a useful tool that can help us to understand the fundamental
physics and biology regulating the dynamical behavior of different systems. They are able to
predict biological behavior in different scenarios and with relative accuracy. This could help
in determining the direction of future experimental work, reducing considerably costs and
time. Throughout this thesis, different computational models will be presented to simulate
cell-ECM adhesion and cell-cell interactions. In this section, we show a brief review of the
most relevant models for the work developed during this thesis. For cell-ECM interaction,
we show a brief review of the different clutch models. The clutch model has served us as a
base for designing the model of the second chapter. We have expanded this model in the two
following next chapters to analyze different phenomena. For cell-cell interactions, we present
a brief review of the agent-based models which are typically used to mimic cell monolayer

behavior. Further modeling review is done in the introduction of each chapter.

Different attempts have been made in order to simulate cell-ECM interactions during
these last years, between all them it is particularly interesting the clutch model (see Fig
. 1.9). Chan and Odde [34] first presented a clutch model to simulate cell-ECM force
transmission during actin retrograde flow in filopodia formation. They analyzed how the
dynamical behavior of adhesions influence force transmission and actin velocity for different
substrates rigidities. They observed a biphasic response of the traction forces transmitted
to an increase of substrate stiffness. In a first stage, traction forces increased as stiffness
was increasing. In a second stage, when substrate rigidity was high enough, adhesion failure
occurred and traction forces critically dropped. However, experimental observation suggested
that force always increased as a consequence of substrate stiffening. More recently, Elosegui
et al. [62] improved the clutch model proposed by Chan and Odde by including an adhesion
reinforcement phenomenon. They showed that there is a rigidity threshold above which
adhesion probability is increased, leading to the reinforcement of the bond. Later, Elosegui
et al. [63] found that talin is needed for force transmission when this rigidity threshold is
exceeded. The threshold also correlated with integrin recruitment, the growth of vinculin-rich
FAs, and the nuclear translocation of the mechanosensitive transcription factor YAP. They

stated that the observed rigidity threshold occurred due to talin unfolding, and found that,
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depletion of talin resulted in the biphasic behavior between traction forces and ECM stiffness
showed by Chan and Odde [34]. Recently, Oria et al. [144] improved the clutch model to
simulate heterogeneous distance distribution between the ligand in the substrate which affects
force distribution between the bounds. They observed how this force distribution affects

adhesion reinforcement threshold and adhesion size.
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Fig. 1.9 Clutch model evolution. A) First clutch model, proposed by Chan and Odde.
Figure from [34]. B) Clutch model adaptation to simulate different integrin proteins and
clucth reinforcement. Figure from [62]. C) Clutch model that incorporates Talin effect.
Figure from [63]. D) Clutch models modified to simulate distance between integrins through
a network of springs in series and in parallel. Figure from [144].

Agent-based models are one of the most used models to mimic the mechanical and
physiological behavior of cell populations. These models are discrete approaches that con-
sider cells as individual units, and they allow us to simulate the interactions between different
cells, and at the same time integrate intracellular processes [199]. Agent-based models can
be divided in three different categories (see [199]): center-based models (CBM)[73], vertex
models [117] and deformable models (DFM) [92]. Most of the recent models simulating
monolayers correspond to vertex, center-based or continuum approaches. Different DFM
[92, 149] offer the possibility to simulate cell-cell interaction and to observe the response
of the cell cluster in different conditions. We will propose a DFM appraoach to simulate

cell-cell adhesions dynamics in an endothelial monolayer.
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1.4 Thesis outline

This thesis dissertation is divided into six chapters and two appendices. Each chapter is based

on a journal publication and all of them are self-contained. The thesis is organized as follows:

* Chapter 1: (Current chapter) introduces the motivation and objectives of the thesis and
provides biological background to the questions addressed. Moreover, it provides a

brief overview of computational models.

» Chapter 2: We develop a computational framework to simulate focal adhesions during
filopodium retraction and study the importance of mechanical properties of the substrate

as well as cell and adhesion properties.

 Chapter 3: Filopodium retraction is studied in 3D matrices. We employ the previous
model with some modifications and observe how adhesion level is fundamental for

matrix realignment.

» Chapter 4: We extend the model from Chapter 2 into a whole cell model. This allows
us to study durotaxis in single and collective cell migration. We show the importance
of different mechanisms in the process such as level of adhesion, force generation or

cell monolayer size.

* Chapter 5: We introduce an agent-based model of an endothelial cell monolayer
that allows us to investigate the mechanisms behind cell-cell junction instability and

paracellular gap formation.

» Chapter 6: We summarize the most important findings and conclusions of this thesis.
We also indicate some possible future lines of research to continue with the work

started in this thesis.

In the appendices, a list of the contributions made during the writing of this thesis is

given. We also provide a thesis summary in Spanish.



Chapter

A discrete approach for modeling

cell-matrix adhesions

In this chapter, we develop a discrete computational model for cell-ECM adhesion during

actin filopodium retrograde flow. This chapter is published as [65]:

Escribano J, Sanchez MT, Garcia-Aznar JM (2014) A discrete approach for modeling
cell-matrix adhesions. Comput Part Mech 1:117-130.

2.1 Introduction

Cell migration is crucial in a wide range of biological processes like chemotaxis, cancer
metastasis, tissue regeneration and development. Nevertheless, despite the importance of this
phenomenon, it still exists a deep unawareness of the main mechanisms that mediate this
process. This lack of knowledge is due to the high variability of morphology that cells show
during migration and its strong dependency on environmental factors, such as dimensionality,
stiffness of the matrix and chemical gradients [148]. During migration, cells can present
two different extreme main migration modes: amaeboid (weak adhesions) and mesenchymal
(strong adhesions). Therefore, the understanding of cell-matrix adhesions is essential for
advancing in the comprehension of cell migration. Cell adhesion is the mechanism that

ensures structural integrity of tissue [178], and it is mainly regulated by mechanical processes
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[53, 204]. Moreover, forces generated by cells are crucial in morphological tissue changes
during cell migration, along with other processes such as spreading, migration and division
[112, 209, 176]. The force generating processes in the cytoskeleton are closely related to the
building of adhesion sites, called focal contacts or focal adhesions (FAs) [77, 176]. These
connections make the mechanical forces generated in the cytoskeleton (usually by myosin
proteins) to reach the extracellular matrix (ECM), allowing the cell to sense the mechanical
properties of their surroundings, which will regulate the cell behavior. Focal contacts are
mainly localized in the edge of cells in like-protrusion structures such as lamellipodium and
filopodia [76]. When they are found in high concentration (i.e. in these kind of structures),
they are called focal adhesions. These adhesions are strongly related with the retrograde flow

of the actin filaments, which is driven by actin polymerization and myosin contractility [168].

Actin filament Myosin

Adhesion complex
(Paxilin, talin, vinculin,...)

, T - Cellular membrane

\ /

Integrin Matrix

Fig. 2.1 Cell-Extracellular matrix adhesion schematic. Representation of the main com-
ponents that define the cell-matrix attachment through actin cytoskeleton.

In fact, migrating cells are governed by a cycle of membrane protrusion, cell adhesion
to the matrix, cytoskeleton contraction and de-adhesion at the cell rear [193]. This cyclic
process in protruding lamellipodia is mainly regulated by the cell cytoskeleton through the
filamentous actin (F-actin) assembly and retrograde flow (see Fig. 2.1). These adhesions
connect the cytoskeleton of a cell to the extracellular matrix by means of a dynamic and
complex set of proteins. Actually, these adhesions are implemented by transmembrane
receptors from the integrin family [47] (which are placed in the cell membrane and reach
both sides), binding protein ligands of the ECM, like fibronectin family [167], with the
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actin cytoskeleton through a clutch of proteins that include talin, ¢-actinin, vinculin and
paxilin [216, 178]. The polymerization of actin filaments provides the force for membrane
deformation causing membrane protrusion. Contractile forces are generated by the myosin II,
which moves antiparallel actin filaments past each other and thereby provides the force that
rearranges the actin cytoskeleton [148]. Finally, these protrusions must adhere to the matrix
to define cell locomotion. If they do not attach, protrusions are unproductive and tend to
move rearward in waves in response to the tension generated in the cell, in a process known
as membrane ruffling [23]. Therefore, actin retrograde flow is strongly dependent on cell

contraction and focal adhesion size, concentration and strength [99].

In this chapter, we propose a discrete computational model for the simulation of the
actin retrograde flow in filopodia growth-cone structures. Filopodia are found interposed
along the lamellipodium leading edge and they consist of bundles of actin filaments that are
packed together and protrude forward [131]. Filopodia not only play a role as adhesion sites,
but also as sensors of the environment that surrounds the cell and signaling [217], and they

also contain the receptors for the guidance molecules [17, 137, 159, 186].

Mathematical modeling of cell adhesion is crucial for advancing in the understanding of
how cells regulate their cytoskeleton to lead their locomotion [78]. Therefore, a high number
of conceptual [163, 40] and mathematical works [74, 15] have been developed to unravel
how mechanical stimulus and cell-matrix properties regulate the dynamics of FAs. Most of
these works are based on stochastic dynamics of multiple receptor-ligand bonds [74]. So,
for example, Nicolas et al. [139] proposed that the FA mechanosensitivity can be enhanced
by deformation-induced increase in the affinity of plaque proteins that form the adhesion.
Shemesh et al. [181] considered FA growth as a consequence of enhanced aggregation of
FA proteins in the direction of force application. Deshpande et al. [52] proposed a model
of cellular contractility that accounts for dynamic reorganization of cytoskeleton. Chan
and Odde [34] investigated ECM rigidity sensing of filopodia via a stochastic model of
the motor-clutch force transmission system, where integrin molecules work as mechanical
clutches linking F-actin to the substrate and mechanically resisting myosin-driven F-actin
retrograde flow. More recently, Novikova er al. [141] proposed an original mathematical
model for stiffness-sensing at focal adhesions, based on the interplay of catch-bond dynamics
in the integrin layer and intracellular force generation through contractile fibers. One of the
main limitations of these approaches is the assumption that total force is equally transmitted
to all the bonds, not considering the spatial distribution of the focal adhesions. Another
different strategy is based on a continuous approach considering energetic basis. Olberding

et al. [142] proposed a theoretical treatment of focal adhesion dynamics as a nonlinear



20 A discrete approach for modeling cell-matrix adhesions

rate process governed by a classical kinetic model. Kong et al. [105] treated the focal
adhesion as an adhesion cluster and studied the stability of this cluster under dynamic load
by applying cyclic external strain on the substrate. There are also other works that were not
specifically conceived for cell adhesions, but their methodology can be applied to model
them. For example, Sauer and Wriggers [172] presented a three dimensional finite element
method for contact problems developing a computational contact formulation that captures
intermolecular forces such as van der Waals adhesions.

In focal adhesions sites it is important to assess the impact that protein folding phe-
nomena has on them. In this chapter, a force dependent model is implemented, but this
phenomenon has been the focus of numerous numerical and mathematical studies during
the last years. Thanks to technological advances in computer hardware and software, the
possibilities of performing numerical analysis on this subject has increased and improved.
Different numerical approaches have been developed in order to simulate protein folding,
from making predictions of a folded peptide from its primary sequence to Monte Carlo
simulations [120, 184] or different molecular dynamics simulations [197]. For example,
Monte Carlo simulations are used to obtain an approximation of a dynamically folding path-
way. However, in order to understand how the mechanism of the whole folding process is,
atomistic molecular dynamics simulations are used, since they provide information about the
transitions between structures [70]. The accuracy of these simulations relies on the capacity
of the different physical models (force fields) to reproduce the true potential energy surfaces
of proteins [27, 152]. Freddolino et al. [70] analyzed the challenges that molecular dynamic
simulations face, mainly due to the amount of sampling needed in order to model protein
folding and the accuracy required from empirical force fields that represent the true free
energy surface on which a protein folds. It is also interesting to remark the work of Waisman
and Fish [205], in which they originally proposed a variant of the full approximation storage
(FAS) technique [24]. This method allowed the consideration of different force fields at
various scales, enhancing in that way the flexibility and the computational performance.
More recently, Piana et al [152] evaluated the accuracy of the force fields typically used in

folding simulations.

The binding phenomenon treated in this chapter has also been simulated in other
numerical works. They are based on the estimation of the binding energy and different
computational approaches are widely discussed in Viet§ work [203]. These approaches can
be divided in docking methods, where scoring functions are used to identify the most stable
receptor ligand conformation, and methods based in Brownian dynamics simulations. They

used conformational sampling to generate thermodynamical averages. There are a wide
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variety of methods used to compute the binding free energy such as linear interaction energy
(LIE), linear-response approximate (LRA), molecular mechanics Poisson-Boltzmann surface
area (MM-PBSA) [103] and thermodynamics integration (TT). Generally, these methods are

more accurate than docking methods but, they are more time consuming.

Here, we present a mathematical model to simulate filopodia protrusion phenomenon
during the actin retrograde flow process. This model takes into account the different set of
proteins involved: from myosin and actin filaments to the ligands on the ECM, including the
linking proteins that perform the adhesion. Therefore, in this work we aim to understand
through numerical discrete simulations how the spatiotemporal assembly, disassembly and
reorganization of focal adhesions influence on the force transmission from the acto-myosin
contractile system to the extracellular matrix. This model is also designed to be the starting

point from which we build different models which are detailed in the next chapters.

2.2 Material and methods

In this section we present the simulation model together with the equations that govern its
behavior and the hypotheses in which it is based. The main goal of this model is to reproduce
the retrograde flow of actin filaments in filopodia protrusions due to the dynamics of cell-
matrix adhesions. The number of components involved in this phenomenon is considerable,
therefore some simplifications are required due to its complexity. More than 150 hundred
types of proteins are involved in the linkage between the cytoskeleton and the extracellular
matrix, but in this chapter we only consider the effect of myosin proteins, actin filaments,
extracellular ligands and protein complexes. These protein complexes, called adhesion
complexes (ACs), are formed by a myriad of intracellular proteins (paxilin, vinculin, talin,...),
and also by the integrins in the cell membrane [178]. These bind the actin filaments with the

extracellular ligands in the matrix, addressed from now on as simply ligands.

2.2.1 Brief description of the simulation model

The development of a full discrete model that includes all the protein complexes and their
interactions involved in the formation of a filopodium would imply a huge computational
cost. Due to this, a simplification of the actual case is proposed, presenting a model that
consists on a single actin filament bound to the ECM. The system movement starts when

myosin proteins exert a force on the actin filament provoking its retrograde flow as it is
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Fig. 2.2 Model schematics. (A) AC with its two arms in a non-equilibrium status. (B)
Representation of the whole simplified system proposed. The actin filament is parallel to
the ECM. ACs bind the actin monomers of the filament with the ligands that are fixed to the
matrix.

shown in Fig. 2.2B. As the actin filament is driven backwards, it starts to bundle with the
matrix through the ligands, which are located in the substrate of the ECM. Therefore, the
ligands perform a role of anchoring points. ACs oppose to the actin filament movement by
transmitting the force to the matrix causing its deformation. ACs are considered as a complex
with two diferent arms (see Fig. 2.2A): one of them binds to the actin filament (actin-arm),
and the other binds to the ECM (matrix-arm). In this model, as a first approach, the effect of
the cellular membrane is not taken into account. Therefore, the actin filament is connected

directly with the ligands through the ACs. The model scheme is shown in Fig. 2.2B.

The simulation model can be divided in three different components, where force balance
is considered. In the following sections, the mathematical equations that govern the model

are described.

2.2.2 Actin-Myosin complex

We assume that the actin filament presents a solid rigid behavior and it only moves in the
horizontal direction; therefore, only forces in that direction are considered. In addition,
we consider that the myosins can only exert a force to pull from the actin filaments. The
magnitude of this force depends on the number of myosin heads attached to the actin filament.
The force exerted by the myosin heads is considered constant and equal between them. Thus,
the total force is given by:

Fp =F. ny, (2.1)
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where F, is the force exerted by each myosin head and n,, is the number of myosin heads
attached to the filament. The ACs bound to the actin filament oppose to that force and, as a
result of the balance of these two forces, the actin filament velocity can be obtained [34]:

F,

Vilament = Vu (1 + Fr)y 2.2)
m

where F, is the force applied by the bound ACs and v, is the actin velocity for the unloaded
filament, that is, when F, = 0.

2.2.3 Adhesion Complexes (ACs)

The AC is the clutch of proteins that binds the actin filament with the extracellular matrix
through the ligands. It is considered as two different bars (arms) with the same model
behavior and linked between each other for one side, leaving the free one to bind with the
actin filament and ligands, respectively. One arm is only capable to clutch with the actin and

the other only with the ligand.

The behavior of the ACs is expressed in terms of Brownian dynamics. The equations
that govern this behavior are now detailed together with the different phenomena that have

been proposed for them: binding-unbinding and folding-refolding.

Brownian Dynamics

We assume that the Langevin equation governs the dynamical behavior of the ACs [101].
Therefore, if we consider the i-th AC,

2

mi% =E-§% +F7, (2.3)

where m; is the mass of the AC, r; corresponds to its current position, F; are the interaction
forces among proteins, {; is the drag coefficient and F? is a stochastic force. This equation
allows the computation of the new position of each particle for each time increment. In
addition, considering that the inertial effects of the ACs barely have an influence on the
system in the considered time scale, the acceleration term in equation 2.3 can be neglected,
and therefore:

dl‘,‘ 1

ari _ 1 pp g
ik (FP+F,)). (2.4)
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In order to satisfy the fluctuation-dissipation theorem, the stochastic force, F? , is chosen

from a random distribution verifying the following expectation values:

2kpT E;6;;

(Ffn)=0.  (FFOF()) ==~ Af’ “38, (2.5)
where kg is the Boltzmann constant, T the absolute temperature, &; ; 18 the Kronecker delta, é
the second order unit tensor and At the time increment considered in the simulation. As a
first approach, it is considered for simplicity that the geometry of the AC corresponds to a

sphere, therefore the drag coefficient is:
G =3nna;, (2.6)

with o; being the diameter of the sphere and 7] the viscosity of the medium.

For the interaction forces, we consider that F; = F; + Fp,, where F; is the internal force
of the AC and F;, is the force induced by the moment created for the orientation of the ACs

arms respect to their balance position. Then, Fy(r2) is given by [102]:

kgT | _ (2hoi—ria—ro)(ri2—ro) =T | >
P |42 (1=ria/lo )2 (1—ro/lo,)? + lo,i itri2 2 ro,
Fy(ri) = .7)
kS’ACp(rlz —rp) if ri2 <o,

where rq, is the current length of the AC, ry is its length at rest state, p is the persistence
length, lp; = 40 + 10i is the maximum extension for the i"" unfolding, phenomenon that will

be presented in the next section.

The force induced by the orientation is given by
1
My = EKb(e —6), Fp=M,/lsc, (2.8)

where K}, is the bending stiffness, 6y is the balance orientation for the AC arms and l4¢ is the
lenght of one arm of the AC. Fig. 2.3 shows the schemes of an AC subjected to the interacion

forces Fy and F;, respectively.
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Fig. 2.3 Scheme of ACs subjected to different interaction forces. (A) Internal forces on
ACs. Each arm is subjected to a different force depending on their own length. In the central
point, the balance between these two forces is carried out and, as a consequence, the central
point moves until the forces are in equilibrium. (B) Scheme of an AC subjected to the
moment created by the AC orientation respect to the balance position, Mj. This moment is
applied on the central point of the AC causing its movement towards the balance position,
6. In this figure it is only shown an AC bound to the ligands, but the same methodology is
applied when it is bound to the actin filament.

Unfolding/refolding

Experimental tests show that some proteins such as fribonectin or actin crosslinkers can
sustain unfolding under determined extensional forces [13, 102]. We assume that the ACs
present a similar behavior. Therefore, the internal force-extension curve of the AC exhibits a
saw-tooth behavior; this curve presents peak values around 30 pN, at 10nm intervals (see Fig.
2.4). Then, unfolding phenomena is regulated by the unfolding rate, &, [102]:
kgfexp(%) if ri2 > ro,
kyp = 2.9
0 if ri2 < ro,

where A, is the mechanical compliance, k(u’b is the zero-force unfolding rate coefficient and

F; is the internal force of the AC seen in previous section, equation 2.7.

When unfolding happens, it exists the possibility that the inverse phenomenon occurs,
phenomenon known as refolding. This happens when the AC shrinks below the length at

which the last unfolding occured, then i unfolding decreases by 1.
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Fig. 2.4 Unfolding curve: Internal force of an AC arm against its elongation. The saw-
tooth behavior is clearly observed: when the force reach values around 30 pN, unfolding
occurs. This provokes a reduction in the internal force for the same arm elongation.

Finally, k, s corresponds to the rate parameter of an exponential distribution function,

therefore the probability of the event is:

P=1— kA (2.10)

Binding/Unbinding

ACs present the possibility of separating from the actin filament or the ligands when they are
bound to them. This phenomenon is similar to the unfolding one, and it is governed by the
unbinding rate, k,;, [102]:

lths )

kgbexP< kgT
kup = (2.11)
0 if ri2 S ro,

if r12 > ro,

where A, is the mechanical compliance of the bond in the unbinding case and kgb is the
zero-force unbinding coefficient. In this model, when unbinding occurs, both arms of the
AC refold completely and return to their rest state (r12 = rp). The probability of this event is
given by an exponential distribution function, similar to equation 2.10.

Free ACs can also bind to the actin filament or the ligands. This process is determined
by the distance between them, occurring when
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dia < 2Y6y,, 2.12)

di> being the distance between the two particles and oy, the average diameter of both

particles.

2.2.4 The extracelullar matrix (ECM)

The extracellular matrix is considered as a set of truss elements, which only bears axial forces.

Therefore, its behavior can be explained in terms of the global stiffness matrix

Fyr = KstrUstm 2. 13)

where Fy,, is the force vector, Ky, is the stiffness matrix of the ECM and Uy, is the

displacement vector corresponding to all their ligands.

The values of the stiffness matrix depends on the product of the elastic modulus of
the ECM, E, and its surface area, A. We consider that A presents a fixed value and we
only change the value of E for all the simulations. We also assume that in each node the
discretization of the elements is occupied by one ligand. Hence, the force vector is obtained
from the forces exerted by the ACs on each ligand, and the displacement vector is applied on
them. Initially, as a first approach, we are working under the assumption of small strains and
displacements. Therefore, we assume a linear elastic behavior for the ECM and Ky, remains
constant.

2.3 Numerical implementation

In this section, an explicit algorithm is proposed to implement all the equations seen in the
previous section, based on the following steps: First, given the initial conditions, an analysis
of the current position of the ACs, actin monomers and ligands is performed in order to check
the different phenomena considered (binding-unbinding and unfolding-refolding). Next,
the actin filament moves, and as a consequence, the force balance in the system breaks the
mechanical equilibrium. This provokes ACs and ECM deformation, requiring an iterative
process to reach the force balance again. Finally, the new force on the actin filament is

calculated and therefore its velocity is obtained.
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As a first approach, we consider that the actin filament polymerizes by setting one actin
monomer after another creating in that way a straight filament. The ECM is considered
parallel to the actin filament with the ligands distributed on it with a random distribution. The
ACs are placed randomly in the spatial domain set for the simulation. Both actin and ligands
are considered as particles and they are defined only by their central point. Nevertheless,
although the ACs are also considered as particles when random movement, they are defined by
three points and behave like two attached arms for the rest of scenarios. From now on, these
three points are known as: AC-actin point, that binds the AC with the actin monomers in the
filament and corresponds to the edge of the actin-arm; AC-matrix point, which corresponds
to the edge of the matrix-arm and binds to ligands; and AC-central point that corresponds to

the point where both arms intersect.

2.3.1 Development of the algorithm

We present an algorithm for the spatiotemporal resolution of this problem, which is solved in
a discrete form, for each time increment, n. The algorithm is schematically shown in Fig.

2.5, and it is mainly based on three balances of forces.

Che(.:k b}ndmg/ Update actin
Create unbinding and .
. —> . —> filament ——
proteins refolding/ it
unfolding ROSIHION,
NO
Calculate
Update Ac u Calculate
-, substrate —— substrate —— Convergence?
P ECM forces displacements
| YES
t Calculate Update actin
actin filament ————  filament
forces velocity

Fig. 2.5 Flow chart of the implemented algorithm.

The whole system mechanism starts by creating the different components involved as it
was explained before. Next, the iteration process begins. Firstly, an analysis of the current
situation of the different proteins involved in the system is carried out. This let the algorithm

know if some protein binding phenomenon is occurring. If an AC-actin point is sufficiently
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close to a free actin monomer, they automatically clutch. The same process occurs with the
ligands and the AC-matrix points. Then, the algorithm separates the ACs in four different

scenarios depending on their linkage:

Case 0: Fully free. The ACs moves randomly in the medium.

e Case 1: Bound to actin filament. The entire AC moves with the actin filament in its

balanced position.
* Case 2: Bound to matrix. The entire AC moves with the matrix in its balanced position.

* Case 3: Fully bound to actin filament and to matrix. The AC is deformed under the

effect of the actin movement and the resistance that the matrix exerts to it.

For the ACs in Case 3, the unbinding and unfolding-refolding phenomena are studied. Firstly,
refolding is checked, that is, when the AC arm has shrink below the length at which the last
unfolding occurs. If there is no refolding, then the unfolding phenomenon is studied as it was
explained in the mathematical model. After, the unbinding is checked. All these analysis are

carried out in both arms of the AC.

Next, the actin filament is moved, modifying its position. The AC-actin points attached
to the filament move with it (Case 1 and Case 2), elongating the ACs actin-arm and breaking
the force balance of the system. It is important to remark that the actin filament only moves
in horizontal direction.

Due to this, a force balance in the matrix is evaluated. An iterative process starts and
it is repeated until the equilibrium is fulfilled. The matrix balance begins by performing a
local force balance in each AC of Case 3. This local force balance consists of an internal
iterative process. Internal forces (equation 2.7) are calculated for both arms of the ACs and
their AC-central point are moved as a result, following equation 2.4. When the difference
between the two forces is below a threshold, the AC is in balance again and therefore the
internal iterative process ends. After all the ACs are in equilibrium, the forces over the ECM
are calculated. These forces correspond to the ones exerted by the AC matrix-arm over the
ligands. Once these forces are known, the ECM displacements are calculated by using the
stiffness matrix (equation 2.13). When the matrix is deformed, the AC-matrix point moves
with it, causing the elongation of the matrix-arm if the AC is in Case 0, or just a displacement,
if it is in Case 2. This process breaks again the internal force balance of the AC, so it is
necessary to recalculate the AC force balance, the force vector and the new displacements.

This process is repeated until the displacements are lower than a threshold. It also exists the
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possibility that the increment of the ligand displacements diverges. In that case the loop is

restarted recovering the initial values, and the time increment is divided by two.

Once the matrix balance is achieved the forces exerted by the AC over the actin filament
are calculated. Finally, the new actin filament velocity is computed through equation 2.2 and

a new time iteration starts.

2.4 Numerical simulations: Reference cases

In order to evaluate the potential of the model, several simulations are conducted. The aim of
these simulations is to asses the influence of the ECM stiffness on the actin retrograde flow
velocity and its effect on the adhesion size on the traction forces. The values of the parameters
used in the model are shown in Table 2.1. The exact values of the mechanical properties
of the ACs and some parameters related to unbinding and unfolding phenomena are yet

unknown, therefore, we have estimated their values in order to simulate this experiment.

As mentioned in previous sections, we have designed a discrete algorithm to model the
retrograde flow of the actin filament and to study the effect of the CAs in the process. The
results shown in this section corresponds to nine seconds of simulation and the actin velocity
is computed as the average value of the 6 last seconds of simulation (for the cases where a
velocity analysis is considered), in order to show the velocity when the system is already
stabilized and not when the clutches are being created and the randomness of the system is
considerable. The results obtained for the initial values of the variables shown in Table 2.2
can be seen in Fig. 2.6. For a soft matrix, the actin speed is almost maximum, but as the
stiffness increases, the actin speed starts to decrease. The velocity keeps decreasing until it
reaches a point and, after it, the speed abruptly increases again to almost maximum values. A

similar tendency has been observed in some experimental results [34].

This kind of behavior can be justified from our simulations. When the matrix is very
soft, it can be deformed by minimum forces (considerably lower than the ones exerted by
the myosin), so it moves along with the actin. The fully bound ACs move with them, almost
without deforming. When the matrix stiffness increases, the matrix deforms slower exerting
gradually more force to oppose to the actin filament movement. Due to this, the ACs are
subjected to an increasing elongation and, therefore, to an increasing stress to bear. The
abrupt increment in the speed occurs when the matrix is not able to deform enough due to its
high stiffness and the elongation of the ACs leads to the adhesion failure. As the ACs start to

disengage, the force required to remain the others bound increases, accelerating in this way
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the unbinding process. Therefore, in a short period of time, all the ACs are found unbound.
In order to see clearly these three kind of behaviors, we have reproduced the state of each
component at the following time steps: Os (initial), 3s, 6s and 9s (end). The results are shown

in Figs. 2.7, 2.8 and 2.9 for soft, intermediate and stiff matrix, respectively.

Table 2.1 Numerical values for the mechanical data and phenomena parameters.

Parameter Symbol  Value Source
Myosin head force F. —2(pN) [34]
Unloaded actin filament velocity Vu —120(pum/s) [34]

AC balance length ro 30 (nm) estimated
AC arm length Lac 30 (nm) estimated
Boltzman energy kgT 4,142-1072 () [101]

AC stiffness against compression ks.ac 4.23-1073(N/m) estimated
below the equilibrium length

Zero-force unfolding rate coefficient kgf 3-1073(s71) [102]
Mechanical compliance Auf actin 1,442 (nm) estimated
for the actin arm

Mechanical compliance Au fomarriv 2,884 (nm) estimated
for the matrix arm

Zero-force unbinding rate coefficient kgb 0,115(s71) [102]
Mechanical compliance of the A«ubﬂctin 0,25 (nm) estimated
actin bond for unbinding

Mechanical compliance of the Aubmarrix 0,5 (nm) estimated
matrix bond for unbinding

Persistence length Pactin 0,04 (nm) estimated
for the actin arm

Persistence length DPmatrix 0,04 (nm) estimated
for the matrix arm

Maximum number of unfolding Nyf 2 estimated
for the marix-arm

Simulation step time At 0,003 (s) estimated
Total time of the simulation t 9 (s) estimated
Actin monomer diameter [N\ 7 (nm) [101]
Ligand diameter o7, 7 (nm) estimated
Medium viscosity n 8,599 10~* (kg/ms) [101]
Bending stiffness K 15,74 (nN nm) estimated
Balance orientation 6y 7 /2(rad)

for the AC arms
Matrix surface A 2-10~*(nm?) estimated
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Fig. 2.6 Actin retrograde velocity under different ECM stiffness for a uniform distri-
bution of ligands. For a soft matrix, the ACs deform without almost opposing to the actin
filament movement. The matrix moves along with the actin filament. As the matrix stiffness
increases, its deformation becomes slower, and the ACs that conform the linkage starts to
elongate and to transmit the reaction force from the matrix to the actin filament. Hence, a
reduction in the actin retrograde flow speed is produced. This behavior continues until the
velocity reaches a minimum, 7 - 102 KPa. After that point, the ACs cannot bear the stress and
start to quickly disengage, provoking a considerable increment on the actin speed.
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Fig. 2.7 Simulation for soft matrix. (Actin: green; ACs: yellow; Matrix: red; Ligands: red
points). The actin filament starts to move as a consequence of the myosin action. The ACs
are moving around the medium until they get close to an actin monomer or a ligand and bind
to them. When they are bound to both of them they start to transmit forces to the matrix.
Since the matrix is very soft it deforms very easily, moving almost at the same velocity that
the actin filament and avoiding the ACs to bear big forces.
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Fig. 2.8 Simulation for intermediate compliance matrix. (Actin: green; ACs: yellow;
Matrix: red; Ligands: red points). The matrix deforms as a consequence of the force
transmitted from the actin filament through the ACs. Since the stiffness is considerable, the
matrix deformation is slower than the actin filament movement causing the ACs deformation.
This provokes the unbinding phenomenon on some of the ACs and the reduction on the actin
filament velocity.
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Fig. 2.9 Simulation for stiff matrix. (Actin: green ; ACs: yellow; Matrix: red; Ligands:
red points). The matrix stiffness is very high, therefore it barely deforms under the force
transmited by the ACs. Hence, the ACs have to bear all that force, deforming at high velocity.
This provokes the rupture of the bounds and the dead of the adhesion, causing the free
movement of the actin filament.
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It has also been experimentally observed that the traction forces that the matrix exerts
increase with the size of the adhesion [176]. In Fig. 2.10, this behavior is reproduced for
different matrix stiffness. As the adhesion grows, more ACs are conforming the union
between actin filament and matrix; therefore, the force on the ECM also increases. In stiffer
matrix, the relation is more linear since the ACs quickly disengage as the traction forces
increase in the ECM. For intermediate matrix compliance, the clutches starts to build as
the traction force increases slowly, but it reaches a point where the adhesion cannot grow
more because of the actin filament length and it remains constant as the traction force keeps

increasing.
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Fig. 2.10 Dependence of the adhesion size respect to actin retrograde speed. The more
ACs are conforming the adhesion or the bigger the adhesion is, the bigger the traction force is.
In intermediate compliance matrix the clutches starts to grow as the traction force increases
slowly, but there is point at which the adhesion cannot grow further. The actin filament,
limited by its own length, cannot host more clutches. At this point the size of the adhesion
remains constant as the traction force keeps increasing. In stiffer matrix, the relation is almost
linear since the ACs quickly disengage when the traction forces grows in the matrix.

2.5 Sensitivity analysis

To a better understanding of the mechanical behavior of our approach, it is important to
analyze the influence that some of the components might have on it. For this purpose,
a sensitivity analysis has been carried out, varying some parameters that are crucial for
understanding the role of cell-matrix adhesions. For this analysis, we consider a random

spatial distribution of the ligands. The variables subjected to analysis are shown in Table 2.2.
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Table 2.2 Reference value and values for the sensitivity analysis of the initial conditions.

Parameter Ref. value Sensitivity analysis
Ligands concentration 40 20-60-80

Number of myosin heads 75 45-60-90

Number of actin monomers 60 20-40-80 (nm)

2.5.1 Effect of the ligand concentration

Initially, we analyze the role of the concentration of ligands. The results for a concentration
of 20, 40, 60 and 80 ligands are shown in Fig. 2.11. The ligands have been located randomly
in a surface that occupies a 40 percent longer than the actin filament length. Ligands are
anchoring points with the matrix, therefore a lack of these elements would drive to a weaker
adhesion. When the number of ACs linking actin filament and ECM decreases, the force that
holds the actin filament decreases as well. For the same reason, the stiffness at which the
ACs start to disengage (provoking the filament speed to rise) decreases with the number of

ligands too.
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Fig. 2.11 Actin retrograde velocity under different matrix stiffness for different ligands
concentration. When the concentration of ligands decreases to 20, the actin retrograde
velocity is higher. On the contrary, when it increases to 60, the velocity decrease as a
consequence of the formation of more clutches. When the concentration is equal to 80, there
is no further decrease of the velocity. This is due to a saturation of ligands on the matrix and
therefore, the ACs are not able to clutch with them.
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2.5.2 Impact of the actin filament length

The actin filament length is related with polymerization and depolymerization processes,
hence it is a variable subjected to considerable changes and it is worth to study. As the
filament length increases more ACs are capable of creating bounds, provoking the linkage
to grow stronger and increasing its life time. Moreover, not only new ACs have more
possibilities to bind, but also the ones that were bound and at some point broke that union
have more chances to re-bind. Consequently, this behavior causes a reduction in the actin
filament retrograde speed. In Fig. 2.12 the effect on this variable is observed for actin
filaments composed of 20, 40, 60 and 80 actin monomers. When more monomers are added
to the actin filament, its velocity decreases considerably and a stiffer matrix is required to
reach the point of minimum velocity.
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Fig. 2.12 Actin retrograde velocity under different matrix stiffness for different actin
filament length. For a short actin filament of 20 actin monomers, few adhesion can grow,
and therefore, it barely exists an opposition to the actin filament movement. When the actin
filament increases to 40 actin monomers, the adhesion starts to grow stronger, provoking a
velocity drop. This phenomenon continues when the actin filament grows to 60 and 80 actin
monomers, being its effect clearly noticed on the corresponding curves.

2.5.3 Influence of the myosin traction force

Finally, the influence of the force exerted by the myosins to pull from the actin filament is
analyzed. To do this, the number of myosin heads is changed in order to reproduce this effect.
Each myosin head exerts a constant force to pull from the actin filament, therefore as the

number of myosin heads rises the pulling force increases in a linear relation too. Results are



2.6 Conclusions and discussion 37

shown in Fig. 2.13 for 45, 60, 75 and 90 myosin heads. As expected, when the force exerted
by the myosins to pull from the actin filament increases, the actin filament velocity increases
as well.

Actin retrograde velocity [nm/s]

10° 10"  10° 10° 10
k Elastic modulus [kPa]

Fig. 2.13 Actin retrograde velocity under different matrix stiffness for different myosin
traction force values. The myosin heads determines the force exerted to pull from the
actin filament. When the number of myosin heads is low, 45, the actin retrograde flow
speed decreases. When the number of myosin heads increases, the actin filament is driven
backwards with a stronger force. This effect is observed for 60, 75 and 90 mysosin heads. It
can also be noticed that, the minimum velocity point for each case occurs at lower stiffness
for higher number of myosin heads.

2.6 Conclusions and discussion

A significant amount of conceptual works regarding focal adhesions have been carried out
during the last few years. Generally, they can be divided into two different groups: theoretical
and numerical studies. The first ones set the basics used in the numerical ones, which, at
the same time, provide a deeper insight of the phenomena, allowing to improve theoretical
models. Consequently, it emerges an enriching feedback process from which both sides get
benefits. In addition, numerical models can be classified in continuous or discrete. In this
chapter, we have developed a discrete model, since they offer the possibility of incorporating
individual behavior at each complex of proteins involved in the biological phenomenon.
We have provided for an insight view of these types of adhesions, that let improve our
understanding of how each component individually behaves and how it interacts with the

other ones that surrounds them.
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Here, we have presented a discrete algorithm to model the cell-matrix adhesions. We
have shown that this discrete model is consistent with experimental data from the literature
[34, 176], and it presents a new approach to simulate this phenomenon. Hence, we have
considered that ACs are flexible elements with a non-linear behavior and with some important
properties, such as binding-unbinding or unfolding-refolding. We have also considered the
spatial distribution of the ligands on the ECM, that determines the pattern of how the
traction forces are transmitted to the matrix. This model offers the possibility of analyzing,
individually, the influence of the different proteins involved in the mechano-biological
process: myosins in their role of traction motors or the length of the actin filament, which
is constantly changing because of the polymerization and depolymerization processes. It
also considers the ligand concentration in the ECM, which determines the location of the

adhesions and their size.

It is fair to say that, in spite of the considerable quantity of parameters and different
phenomena analyzed, there are still a great amount of factors that has not been taken into
account in this model. This is due to the implicit need of establishing some simplifications in
the quantity of elements considered, or the need of formulating some hypothesis due to the
lack of information produced by the deep unawareness that still exists about these biological
processes. For example, the ACs are formed by a myriad of different proteins, but for this
work, they are simplified to two main protein complexes.

During the last years, it has been shown that at high forces there is a recruitment of
adhesion proteins provoking the growth and strengthening of the adhesion. Since the model
presented in this chapter does not include this aspect, the predictions made in the stiffer gels
are not as accurate as for the softer gels (where these two phenomena have a lower impact).
Some recent experimental works have shown that for stiff substrates the adhesion and the
forces grow as a consequence of the adhesion reinforcement [62]. This is key aspect to be
included in our model and it is further discussed in the SI. Although the present model does
not offer accurate results for the stiffer gels, it is a relevant tool to improve the understanding
of cell matrix-adhesions and to go deeper into the biological knowledge of these processes.
It serves us as a base to build different new models that will be presented in the next chapters.
In addition, in the supplementary information of this chapter we show that by including a
reinforcement phenomenon we are able to reproduce the experimental results observed for

the stiffer gels. This proves that the model is robust and can be used for further extensions.
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Supplementary Information: Reinforcement

In this second chapter, we have proposed a model for simulating cell-matrix adhesion during
filopodia retraction. This work studies how forces are transmitted from the cell to the
ECM through the focal adhesion complexes and how the system responds to different ECM
rigidity conditions during filopodia retraction. When the model was designed, we focused
on two main purposes: to obtain a better understanding of the phenomenon and to create a
computational framework that could be used as a base to build different models from it. After
finishing this study we continued by adapting it to different situations shown in the following
chapters, however during this time new works were conducted giving new insight into the
phenomenon studied. Some of these recent works show that for stiffer gels there is not a
general failure in the adhesion as it was believed before. On the contrary, an adhesion protein
recruitment occurs that results in the strengthening of the union and in the increment of the
force transmission from the cell to the substrate[62, 63, 144]. Although the work shows
important results previously observed in experimental works (especially the response of the
system for low substrate stiffness), it is true that when analyzing the stiffer gels, predictive

results from our model are no longer in line with these recent experimental observations.

It has been reported that adhesions subjected to high level of stress provoke the unfolding
of some proteins present in the adhesive clutch such as talin [212]. This unfolding enables
more binding sites for different proteins to bind which provokes the strengthening of the
union. This event prevents from the total failure of the adhesions, in fact, it is in stiffer

substrates where cells develop higher levels of adhesion and stability.

In this section, we expand the model to simulate with more accuracy these recent
experimental observations. We add a catch-slip bond law for adhesion unbinding and
incorporate reinforcement phenomena, to observe how the system responds to these new

adjustments.

Model modifications

We add three important modifications to the previous model:

1) First of all, the actin filament is modeled as continuous bar which polymerizes and
depolymerizes in order to maintain always actin monomers on top of the ligands of the
substrate. The actin filament moves as a consequence of myosin activity, so if we want to

simulate longer time scales we would have to simulate an infinite actin filament in order to
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ensure that there is always actin pulling on the substrate domain. In order to ensure this,
instead of making an infinite actin filament, polymerization and depolymerization of actin
monomers is included in the model. If an actin monomer at the end of the actin filament
which previously was on the substrate domain goes beyond this domain as a consequence
of the actin movement, it is removed from that end and added to the other end of the actin

filament so it could be again available for binding.

2) Second, we substitute the slip bond law for a catch bond law.

kb = exp(®. — @) + exp(® — @y), (2.14)

with ® = F,/F* , where ®., ®, are the parameters of the catch and slip bond regimes
respectively, F* is used to normalize the force and Fj, is the modulus of the current force for

the specific adhesion complex.

3) Finally, we add a reinforcement phenomenon. We simulate the reinforcement by
incrementing the probability of ACs to bound to the ECM. If an AC goes beyond a force
threshold then this reinforcement is triggered and it affects to the ligands that are within a
distance range of this specific AC. For these ligands the binding law is modified: maximum
distance for binding (which before was 0712) is incremented up to a maximum (d};;;), which
provokes an overall increment of the binding probability on these ligands. If this force goes

again below the threshold (due to unbinding) reinforcement is deactivated.

Results

After modifying the numerical model, some simulations for the different substrate stiffness
and for different distances between ligands are carried out. Fig. S2.1 shows that in softer gels,
actin velocity gradually decreases as a consequence of AC loading; however, as the substrate
gets stiffer, the actin velocity keeps decreasing instead of increasing again, as seen in the
previous results (Fig. 2.6). This effect is caused by the adhesion reinforcement; for stiffer
substrates, ACs start to load and disengage but some of them trespass the force threshold
that triggers reinforcement before unbinding. When reinforcement occurs, it provokes an
increment of the binding probability in the neighboring regions of the AC that is over the
force threshold. This results in the formation of more adhesions around that area, which
provokes a higher transmission of force and therefore less actin retrograde velocity. This
trend is similar to experimental observations made by Oria et. al. [144]. If we change

the ligand density, the results present the same trend, however, a smaller distance between
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ligands means a higher probability of binding and therefore bigger adhesions and greater
force transmission. Note that even with reinforcement, adhesion failure can still occur for
extreme rigidity cases, causing a drop in the actin velocity (Fig. S2.1D with 100nm of ligand
distance). In our model, we have not tested the response at those extreme levels. However,
from a theoretical point of view, it is reasonable to think that if we keep increasing substrate
stiffness, we will reach a point whether the system stalls (Fig. S2.1D with 50 nm of ligand
distance) or the unbinding occurs faster than binding (Fig. S2.1D with 100 nm of ligand

distance).
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Fig. S2.1: Model vs experimental results for cell-ECM adhesion with reinforcement.
A and B show model results for forces transmited to the substrate and actin retrograde
velocity respectively when reinforcement is added. C and D results from Oria et al. [144] for
traction force and actin velocity respectively. Lines represent clutch model results and dots

are experimental results.
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Discussion

Once reinforcement is included, we have observed how the model is able to simulate with
experimental observations more accuracy, and to show sensitivity to different ligand distri-
butions. In addition, previous results without reinforcement, correlate with experimental
works where talin unfolding was blocked [63]. Catch bond law is important to stabilize the
reinforcement phenomenon since it gives a force range of maximum stability for the bond

after which reinforcement is activated.

Nevertheless, we have to keep in mind that the model still has some limitations observing
results of recent works. Oria et al. [144] showed how reinforcement phenomena could be
controlled by the ligands distribution. By changing the distance between the ECM ligands or
even setting a non-homogeneous distance distribution between them, it is possible to change
the rigidity at which reinforcement is triggered. These different conditions affect how force
is distributed between the bounds, which ultimately affects when reinforcement is activated.
They also propose a phenomenological model able to simulate all the scenarios by combining
springs in parallel and in series to reproduce substrate rigidity and ligand distance distribution
(see Fig. 1.9D). The model presented here since it considers ligand spacing, it also offers the
possibility of simulating these different conditions. However, results do not show the same
sensitivity to those experimental observations. In our model, the substrate is simulated as
a bar, and by definition, when an AC exerts a force on it, it deforms the whole area of the
bar homogeneously. This critically influences force transmission since some of ACs carry
all the load and other are barely stressed. Previous models [34, 62, 63] assumed that force
loading process was homogeneously distributed by the bound ACs. From this recent work
by Oria et al. [144] it seems clear that how load variation is distributed between the ACs
is critical in determining how reinforcement is triggered. Due to this, the previous clutch
models (including the model proposed here) do not offer a high accuracy in terms of how
the load is distributed between the ACs, although these models could reproduce the overall
response of the system by including reinforcement phenomenon.

Although the model presents some limitations, it is still a powerful tool that allows us to
simulate cell-ECM force transmission and that can be used in many different scenarios where
a high level of precision is not needed. During this document, we extend the model and use
it in other different scenarios probing to be very useful in giving insight on how different

cellular systems work.



Chapter

Modeling the formation of
cell-matrix adhesions on a single 3D

matrix fiber

In this chapter we extend the model from previous chapter to simulate cell-ECM adhesions
over a 3D matrix fiber. This chapter is published as [66]:

Escribano J, Sdnchez MT, Garcia-Aznar JM (2015) Modeling the formation of cell-
matrix adhesions in 3D matrices. J Theor Biol 384:84-94

3.1 Introduction

Cell-matrix adhesions are crucial in a wide range of biological phenomena, playing a key
role in tissue formation, immune responses, cell migration or extracellular matrix (ECM)
remodeling [32]. These interactions are performed by a large multi-protein assembly that
binds both parts forming the adhesion. These adhesions are commonly known as complex
adhesions when they have matured, and nascent adhesions when they begin to form, which
occurs in the cell edge in like-protrusion structures such as filopodia and lamellipodia [76].
This process of cell adhesion is the mechanism that ensures structural integrity of tissue

[178], and it is mainly regulated by mechanical processes [53, 204].
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Myosin contractility and actin polymerization produce the forces responsible for the
cyclic process of membrane protrusion and retrograde flow of F-actin at the leading edge
[156, 154, 168]. These forces are transmitted to the ECM through trans-membrane receptors
of the integrin family placed on the cell membrane [167]. These receptors serve as traction
points over which the cell moves as well as sources of migration-related regulatory signals
[148, 162, 37, 119]. The integrins are bound to the actin filaments in the cytoskeleton
through a clutch of proteins that include talin, ot-actinin, vinculin and paxilin [216, 178, 1].
On the other hand, integrins bind to protein ligands of the ECM, like fibronectin family [167].
Finally, the formed membrane protusions must adhere to the matrix to define cell locomotion.
If they do not attach, protrusions are unproductive and tend to move rearward in waves in
response to the tension generated in the cell, in a process known as membrane ruffling [23].
Therefore, actin retrograde flow strongly depends on cell contraction and focal adhesion size,

concentration and strength [99].

Numerous studies over the past three decades have revealed a wealth of information
detailing cell adhesion in two-dimensional surfaces. However, in in-vivo experiments many
cells are completely surrounded by ECM, which may have an influence on the size, composi-
tion and dynamics of adhesive structures. The study of cell adhesion in three-dimensional
environments still remains in its infancy. This lack of knowledge together with the inherent
computational cost of the corresponding simulations make these kind of 3D computational
models a quite unexplored and challenging field. It is known that the way cells migrate
changes between 2D and 3D environment [86]. Furthermore, in a 3D environment, cells
of the same type migrate in different ways depending on the physical properties of the
extracellular matrix, the degree of extracellular proteolysis and the soluble signaling factors
[151, 169, 207]. Since cells use focal adhesions to sense and interact with their surroundings,
it seems essential to understand adhesion behavior in order to clarify the mechanism of these

migration changes.

Specific experiments in 3D environments were difficult to perform, but in the last two
years this kind of studies has increased. Friedl and Wolf [72] analyzed how the ECM architec-
ture along with some cellular determinants (such as concentration of some specific proteins)
influence the different modes of cell migration in 3D environments. Haeger et al. [83] studied
what triggers the change on the invasion mode (single or collective) of mesenchymal tumor
cells, observing that the ECM mechanical properties are the determining factor. Alessandri et
al. [5] studied how mechanical cues from the surrounding microenvironment may trigger cell
invasion from a growing tumor. They used a revolutionary microfluidic technique that con-

sists of the encapsulation and growth of cells inside permeable, elastic, hollow micro-spheres.
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Another interesting study is the work by Kubow et al. [108], where the authors identified the
different mechanisms that determine adhesion in 3D matrices, observing cells growing along
the ECM fibers.

Computational modeling is a useful tool for integrating the multiple subprocesses that
govern cell motility and migration. In this field, Chan and Odde [34] investigated ECM
rigidity sensing of filopodia via a stochastic model of the motor-clutch force transmission
system in 2D. In their model, integrin molecules work as mechanical clutches linking F-actin
to the substrate and mechanically resisting myosin-driven F-actin retrograde flow. More
recently, Elosegui-Artola ef al. [62] have improved this model adjusting it for two different
types of integrins and adding a reinforcement mechanosensing event. This phenomenon
provokes an increment on the number of adhesions when the traction forces exceed a threshold.
Another interesting work is developed by Cirit ef al. [43], in which they created a model that
analyzes the dynamical interplay between cell protrusion and adhesion at the cell’s leading
edge. Milan et al. [129] developed a 3D model able to analyze the signals involved in cell
adhesions in stem cells using the Cytoskeleton Divided Medium model (CDM). This model
describes the cell like a set of particles interacting with each other, and generating a discrete
force network able to mimic the discrete filament network of the cytoskeleton in the cell. The
model was also implemented to simulate how a cell adheres on plain substrates by filopodia
formation. With this cell model they were able to predict cytoskeleton reorganization and

reinforcement during cell spreading.

In vivo, ECM consists of a myriad of fibers that are crosslinked between them, forming
a complex network which serves as a scaffold for the cells to migrate. When the cell adheres
to the matrix and migrates, it moves over these fibers, deforming and reorienting them. Three
aspects of the ECM are crucial for cell adhesion: mechanical properties, density and grade
of fiber crosslinking. In this chapter, we assume that the local behavior of the ECM when
a filopodium adheres to it does not depend on the global properties of the matrix. We also
assume that the fiber is pre-stressed; therefore, we focus our study on the level of fiber
crosslinking. The grade and strength of fiber crosslinkings determine the difficulty of the
matrix to reorganize under cell forces. Alignment of the filopodia protrusion structures with
the matrix fibers is necessary for the migration. If a protrusion adheres to a fiber and they are
not aligned, the protrusion tries to reorient it in order to have more surface to adhere; if this

is not possible, the protrusion cannot grow further and eventually disappears.

In this chapter, we present a simulation model to reproduce the adhesion degree between

a cell filopodium (guided by non-muscle myosins) and a collagen fiber of the ECM, depending
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on their relative orientations. Model is similar to the one showed in the previous chapter with

changes in the ECM modeling.

3.2 Materials and Methods

Myosin force-generating process in the cytoskeleton provokes actin filaments dynamics. The
forces are transmitted through an adhesion complex (AC) to the extracellular matrix. These
adhesion complexes consist of a clutch of proteins that include cytoskeleton proteins (paxilin,
talin, vinculin and so on) and transmembrane proteins called integrins. Extracellular matrix

is deformed under these forces reorienting its fibers.

Due to the high variability of the studied phenomenon, it is indispensable to assume
some simplifications and hypotheses for the development of a simulation model. The
computational cost and the complexity of a model that will include all the proteins involved

in this phenomenon would make the problem inaccessible.

In this model, we have consider the effect of myosin proteins, only an actin filament,
extracellular ligands, only a matrix fiber and adhesion complexes. Myosin exerts a force over
a single actin filament causing its movement. This actin filament is oversized in order to
simulate a pack of filaments of a filopodium and it moves on a plane. Force is transmitted
through the ACs to the matrix fiber which posseses a 3D movement and rotation in order to try
to align with the actin filopodium. The ACs bind the actin monomers with the extracellular
ligands that are distributed on the matrix fiber surface. They can be found in different
scenarios: bound to actin and ligands, bound only to one of them and completely free. When
they are bound to actin and ligand, the adhesion grows and transmits the force to the ECM and
cell. Although the ECM is a complex network of fibers, Kubow et al. [108] experimentally
quantified that the adhesion size mainly depends on the alignment of one single fiber.

Therefore, the simulation can be divided into three different components: Actin-Myosin

contractile complex, Adhesion complexes and ECM.

The present model is a 3D extension of a previous one, developed by the authors in
the 2D case [65], with the addition of novel properties. Actin-Myosin complex and ACs
approximations are similar to the ones presented in the previous chapter, however simulation
of the ECM is completely different in order to reproduce. We detail again the properties
of the different parts simulated, although some of the are repeated, to make the chapter

self-contained.
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3.2.1 Actin-Myosin complex

The actin filament consists of a straight line of actin monomers, that only moves on the
direction of its direction vector; therefore, only forces in this direction are considered. It is
considered as a rigid solid under the assumption that the crosslinking stiffness of the matrix

fibers is much lower than the union between monomers.

Myosins only exert pulling forces over the actin filament. The number of myosin heads
bound to the actin filament determines the magnitude of the force. Each head is considered
to produce a constant force of a fixed value. Thus, the total force is given by:

Fy,=F.-ny,

where F, is the force exerted by each myosin head and n,, is the number of myosin heads
attached to the filament. The ACs bound to the actin filament oppose to that force and, as a

result of the balance of these two forces, the actin filament velocity can be obtained [34]:

Vfilament :Vu(l""*)a 3.1

where F; is the force applied by the bound ACs and v, is the actin velocity for the unloaded

filament, that is, when F,, = 0.

3.2.2 Adhesion Complexes (ACs)

The AC consists of a clutch of proteins with the function of binding the actin filament with
the extracellular matrix. An AC is considered as two different arms bound together, with
the two free sides bound to the actin monomers or the ligands in the ECM. One arm is only
able to bind to the actin and the other only with the ligand. Both arms present the same
constitutive law but different mechanical properties. This is because one arm simulates the
cytoskeleton proteins and the other one simulates the integrin proteins. Brownian dynamics
regulate ACs behavior. In the next subsections, the equations that govern their behavior
along with the different phenomena proposed for them are detailed: binding-unbinding and

folding-refolding.
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Brownian Dynamics

We assume that the Langevin equation governs the dynamical behavior of the ACs [101].
Therefore, if we consider the i-th AC,

dZ

L=F,—¢ F?, 2
i C + (3.2)

mi——=-

where m; is the mass of the AC, r; corresponds to its current position, F; are the interaction
forces among proteins, {; is the drag coefficient and F? is a stochastic force. This equation
allows the computation of the new position of each particle for each time increment. In
addition, considering that the inertial effects of the ACs barely have an influence on the
system in the considered time scale, the acceleration term in equation 3.2 can be neglected,
and therefore:

dl’,’ 1

— _ (FB .
= pEE) (3.3)

In order to satisfy the fluctuation-dissipation theorem, the stochastic force, FlB, is chosen

from a random distribution verifying the following expectation values:

2kpT ;6

(F2()) =0, (FP(F5 (1)) = X =B S s, (3.4)
where kg is the Boltzmann constant, T the absolute temperature, ; ; 1s the Kronecker delta, é
the second order unit tensor and At the time increment considered in the simulation. As a
first approach, it is considered for simplicity that the geometry of the AC corresponds to a

sphere, therefore the drag coefficient is:
& =3nno;, (3.5)

with o; being the diameter of the sphere and 7 the viscosity of the medium.

For the interaction forces, we consider that F; = F;, where Fj is the internal force of the
AC, which is given by [102]:

kpT (2lp,i—r12—r0)(r12—r0) 2 —10 . -
P | 43 (1=ria/lo i) (1=r0/1,1)? loi if ri2 > 1o,
Fy(r) = 46

ks ac(ri2 —ro) if ri2 <o,
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where ry is the current length of the AC, ry is its length at the rest state, p is the persistence
length, Iy ; = 40 + 10i is the maximum extension for the ih unfolding, phenomenon that will

be presented in the next section. In Fig. 3.1, an AC subjected to internal forces is shown.

Filopodium

Myosin

® e \/ Matrix fiber

Ligands

Fig. 3.1 System representation: Internal forces on ACs. Each arm is subjected to a
different force depending on their own length. In the central point, the balance between these
two forces is carried out and, as a consequence, the central point moves until the forces are in
equilibrium.

Unfolding/refolding

Experimental tests show that some proteins such as fibronectin or actin crosslinkers can
sustain unfolding under determined extensional forces [13, 102]. We assume that the ACs
present a similar behavior. Therefore, the internal force-extension curve of the AC exhibits a
saw-tooth behavior; this curve presents peak values around 30 pN, at 10nm intervals. Then,

unfolding phenomena is regulated by the unfolding rate, k, s [102]:
lufFY

kgfexp(kB—T) if ri2 > ro,
kup = (3.7)

0 ifrip < 10,

where A, is the mechanical compliance, kg i is the zero-force unfolding rate coefficient and

Fy is the internal force of the AC seen in previous section, equation 3.6.

When unfolding happens, it exists the possibility that the inverse phenomenon occurs,
process known as refolding. This happens when the AC shrinks below the length at which
the last unfolding occurred, then " unfolding decreases by 1.
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Finally, k, s corresponds to the rate parameter of an exponential distribution function;

therefore, the probability of the event is:

P 1t (3.8)

Binding/Unbinding

ACs present the possibility of separating from the actin filament or the ligands when they are
bound to them. This phenomenon is similar to the unfolding one, and it is governed by the
unbinding rate, k,;, [102]:
kgbexp(lk“:?) if rip > ro,
kyp = (3.9)
0 if rip <y,

where A, is the mechanical compliance of the bond in the unbinding case and kgb is the
zero-force unbinding coefficient. In this model, when unbinding occurs, both arms of the AC
refold completely and return to their resting state (112 = r9).

The unbinding phenomenon proposed above follows a slip bond law, that is, the bond
lifetime is shortened as the force is increased. However, different authors have shown that
some integrin bonds can behave following a catch bond law [171, 106]. In order to assess
the impact of this assumption, we also propose a catch bond law to compare it with our first
assumption. In general, under a catch bond behavior, there is a force range at which the bond
is more stable. When the force value is out of this range the unbinding probability increases
(Fig. 3.2). A catch bond law can be modeled as the addition of two exponential curves, one
catch curve that is opposed by the applied force, and one slip curve that is promoted by it

[141]. The expression for this law is the following:

() — (@) 4 (- 310

with & = f—‘ﬂ, where ®., P, and F* are parameters of the simulation and |F| is the modulus

current force for the specific bond.

The probability of this event is given by an exponential distribution function, similar to

equation 3.8.
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Fig. 3.2 Lifetime average depending on the force for slip and catch bond situation. The
parameters values for the slip bond are: 4,5, = 0.25 nm and k% = 0,115(s™!). For the catch
bond, the values are: f* =7,21 pN, &, = 1,2864 and ®, = 6,5352.

Free ACs can also bind to the actin filament or the ligands. This process is determined

by the distance between them, occurring when

dip <2Y80y,, (3.11)

di; being the distance between the two particles and o7, the average diameter of both
particles.

It is important to remark that when an AC is bound only for one side (matrix fiber or
actin filament), it is found in its equilibrium position. This equilibrium position corresponds

to the radial direction of the matrix fiber or actin filament, respectively.

3.2.3 The Extracelullar Matrix (ECM)

As it was described before, the ECM is a complex network of fibers which are crosslinked.
The ECM is deformed and reorganized by cell-generated forces. As a first approach, we only
simulate a single matrix fiber. This fiber is considered as a 3D rigid solid element with six
degrees of freedom in each extreme. Actually, we assume that there are three longitudinal
and rotational springs in each direction to simulate the restriction exerted by the joints at
each extreme of the fiber. In particular, these longitudinal and rotational springs model the

stiffness associated to the the crosslinkers. This is given by the following expression:
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Fripi = kyin i Ugip.i, Myis.i = kyip iOfip i, (3.12)

where Fy;,; and My, ; are the force and torque vectors, respectively; kg ; and l~cf,~b),' are
spring constants for displacement and torque, and Uy, ; and Oy, ; are the displacement and
the rotation vectors for the matrix fiber, where the subindex i denotes the corresponding

vector component.

We assume that the springs at the ends of the fiber have a similar behavior; so, we
consider the same value for the corresponding constants k;, ; and k rib,i- The force vector is
obtained from the forces exerted by the ACs attached to the ligands, and the torque vector
is calculated by multiplying each discrete force by its distance to the fiber gravity center.
Initially, as a first approach, we assume a linear elastic behavior for the springs and kp;, ; and
l}fib,i remain constant. This kind of approach allows to model the 3D movement of the fiber

due to the deformation that suffer each spring.

3.2.4 Numerical implementation

We have implemented a 3D computational model to reproduce the adhesion building phe-
nomenon between a cell filopodium and an ECM fiber. Firstly, we set the initial conditions:
The actin filament is a cilinder-like shape formed by a straight line of actin monomers with
a fixed orientation. The matrix fiber is located forming an initial angle 6y with the actin
filament and the perpendicular plane between both actin filament and ECM fiber. The ligands
are placed randomly or with a uniform distribution on the matrix fiber surface. Finally, the
ACs are set randomly in the spatial domain of the simulation. Actin monomers and ligands
are considered as spheres defined by their central point. ACs are defined by three points
corresponding to two arms attached: the AC-actin point, that binds the AC with the actin
monomers in the filament and corresponds to the edge of the actin-arm; the AC-matrix point,
which corresponds to the edge of the matrix-arm and binds to ligands; and the AC-central

point that corresponds to the point where both arms intersect.

The algorithm proposed for the spatio-temporal resolution of this problem is schemat-
ically shown in Fig. 3.3. It is solved in a discrete form, for each time increment, n. The
algorithm is based on the following steps. First, given the initial conditions, an analysis of
the current position of the ACs, actin monomers and ligands is performed and the binding
phenomenon is checked. Next, the actin filament moves, and as a consequence, the force
balance in the system breaks the mechanical equilibrium. This provokes the deformation of
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the ACs bound for their both arms and consequently the increment of their stress. This stress
provokes the matrix fiber displacement and rotation, requiring an iterative process to reach
the force balance. When the ACs bound for their both arms are in balance, the unbinding and
unfolding phenomena are analyzed. Finally, the new force on the actin filament is computed

and therefore its velocity is obtained.

Create
proteins

Check binding/ Unpd
ate
unbinding and . 5 ) Update Ac
) fipodium s
refolding/ . position
unfolding position
NO
Calculate Calculate
- Convergence? <«—— matrix fiber <—— matrix fiber
S ~ displacements forces
YES
Calculate Update
filopodium filopodium
forces velocity

Fig. 3.3 Flow chart of the implemented algorithm.

Fig. 3.4 shows the initial state of the simulation and the position of all the elements

after 4 seconds of simulation.
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A B

Fig. 3.4 Representation of the different elements of the simulation. (Actin: green ; ACs:
yellow; Matrix fiber: red; Ligands: red points) at two different time steps: initial situation
(A,B) and after 4 seconds (C,D). At the beginning, there are no interactions and the matrix
fiber remains at its resting state. After 4 seconds, the actin filament has moved over the
matrix fiber, provoking the focal adhesion building and reorienting the fiber. (A) Initial state,
view from plane z. (B) Initial state, view from plane x. (C) After 4 seconds of simulation,
view from plane z. (D) After 4 seconds of simulation, view from plane x.

3.3 Results

We perform an analysis of the studied phenomena, observing the influence of the relative
orientation between the cell protrusion and the matrix fiber on the size of the adhesion. The
local adhesion forming occurs during retrograde flow of actin filaments which is driven by

myosin contraction. After that, we study how some matrix and protein properties may also
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influence on the size of the adhesion. Since the proposed model present random properties, all
the gathered results correspond to the average of 20 simulations. The values of the parameters
used in the simulations are shown in Table 3.1. For the reference cases, a slip bond law is

applied and two unfolding events are allowed to occur in the AC arms.

Table 3.1 Numerical values for the model parameters.

Parameter Symbol Value Source
Myosin head force F, —2(pN) [34]
Unloaded actin filament velocity Vu —120(um/s) [34]

AC balance length 1o 30 (nm) estimated
AC arm length Lac 30 (nm) estimated
Boltzman energy kgT 4,142-1072! (J) [101]

AC stiffness against compression kg ac 0,004(N/m) estimated
below the equilibrium length

Zero-force unfolding rate coefficient kgf 3-1075(s7!) [102]
Mechanical compliance At actin 2.118 (nm) estimated
for the actin arm

Mechanical compliance ) — 2.118 (nm) estimated
for the matrix arm

Zero-force unbinding rate coefficient k9, 0,115(s7") [102]
Mechanical compliance of the b actin 0,25 (nm) estimated
actin bond for unbinding

Mechanical compliance of the Y — 0,25 (nm) estimated
matrix bond for unbinding

Force to normalize parameters F* 7,21 (pN) estimated
in catch bond law

Nondimensionalized force of catch dc 1,2864 estimated
curve in catch bond law

Nondimensionalized force of slip bs 6,5352 estimated
curve in catch bond law

Persistence length Dactin 0,04 (nm) estimated
for the actin arm

Persistence length Pmarrix 0,04 (nm) estimated
for the matrix arm

Maximum number of unfolding My f 2 estimated
for both arms

Simulation step time At 0,005 (s) estimated
Simulation total time t 10 (s) estimated
Actin monomer diameter (o 70 (nm) estimated
Ligand diameter oL 7 (nm) estimated
Medium viscosity n 8,599 -10~* (kg/m s) [101]

for the AC arms

Fiber crosslinking stiffness kfip,i [5,5,5]N/m estimated
to translation [X,y,z]

Fiber crosslinking stiffness Erin.i [5,5,5](nN -nm/rad)  estimated
to rotation [X,y,z]

Fiber length Lyip 5000 nm estimated

3.3.1 Local fiber alignment regulates the adhesion size

The results of simulating an initial situation of 80 degrees between the actin filament and
the matrix fiber are shown in Fig. 3.5. The adhesion size increases as the matrix fiber

and the actin filament are more aligned. Qualitative interpretation of these results from the
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perspective of the model is straightforward: as the filament moves over the fiber, it starts
to build adhesions; these adhesions begin to exert force on the matrix fiber provoking its
movement (matrix reorganization) and a change on their relative position, increasing their
alignment. This results in a closest position between the actin filament and the matrix fiber

and the consequent increment on the number of adhesions.

600 g & 510 s 010 10 .............. , ............. ............. -

adhesion size [nm]

0 i i i
40 50 60 70 80
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Fig. 3.5 Adhesion size depending on the level of alignment between the actin filament
and the matrix fiber. The initial angle between them is 80 degrees. As the actin filament
starts to build adhesions, the fiber is reoriented by the cell forces, increasing in this way their
alignment (therefore, the relative angle between them decreases), which also increases the
size of the adhesion.

3.3.2 Effect of the fiber crosslinking stiffness and the initial orientation

We analyze the effect of four different matrix crosslinking rigidities (1000, 200, 50 and 5
N/m) on the adhesion size, varying the initial orientation between the filopodium and the
matrix fiber (80, 45 and 10 degrees). Fig. 3.6A shows the average of the adhesion size during
each simulation for the reference values. We observe that, in general, as the initial alignment
increases, the size of the adhesion grows bigger. When decreasing the stiffness, the size of
the adhesion increases for 80 and 45 degrees of initial relative orientation since the more
flexible the crosslinking is, the more fiber reorientation is permitted. However, when the
initial relative orientation is 10 degrees, this behavior is not observed. In this case, the fiber
and actin filament are almost fully aligned; therefore, the reorganization of the matrix fiber is
not needed and the adhesion size mainly depends on the stochastic behavior of binding and

unbinding phenomena. This behavior can be seen clearly in Fig. 3.7, in which the relation
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between adhesion size and fiber alignment is shown. We can observe that, for this case,

proportionality between alignment and adhesion size shown in Fig. 3.5 is lost.
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Fig. 3.6 Sensitivity analysis for different simulation conditions. Graphs represent the
average of the adhesion size, for 10 seconds of simulation, depending on the initial orientation
between actin filament and matrix fiber, considering different fiber crosslinking stiffness.
For initial angles of 80 and 45 degrees, increasing the stiffness has a negative impact on the
adhesion size. When the initial orientation is 10 degrees, the adhesion size is barely affected
by fiber crosslinking stiffness since they are almost fully aligned from the beginning. (A)
Reference case. Reference values are used in this case: diameter= 300nm, unfolding allowed
and slip-bond law for the ACs unbinding. (B) Sensitivity analysis of the fiber diameter
(diameter= 150nm). The adhesion size is influenced by the ECM fiber diameter for different
fiber crosslinking stiffness and different grade of initial alignment. In general, as the fiber
diameter increases, more surface the cell protrusion has to bind to; therefore, the adhesion
size increases. This fact loose importance when the fiber is initially aligned, or when the fiber
crosslinkers are very soft, since the cell filopodium quickly alines to the fiber. For these cases,
the adhesion occurs along the length of the fiber, resting importance to its diameter size. (C)
Sensitivity analysis for the unfolding. In this case the unfolding event has been blocked. As
a consequence the ACs charge faster resulting in less stable adhesions provoking a general
drop on their size. (D) Simulation using a catch bond law for the ACs. The adhesion size is
lower than for a slip bond case. This due to the higher possibility of unbinding for low force
cases that does not allow the adhesions to mature.
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Fig. 3.7 Adhesion size against level of relative orientation between matrix fiber and
actin filament. The initial value for the orientation is 10 degrees. Fiber orientation barely
changes and it is not determinant on the adhesion size.

Now, we perform a sensitivity analysis varying different conditions in order to observe
their effect on the adhesion size. The parameters used in the sensitivity analysis are gathered
in Table 3.2.

Table 3.2 Reference values and range of variation for the sensitivity analysis of the initial
conditions.

Parameter Ref. value Sensitivity analysis

Matrix fiber diameter (r;) 300nm 150nm

Ligands concentration 1.5-1073(ligands /nm?) (12-0.9-0.6)-1073
ligands/(nm?)

Initial orientation 80(degrees) 10 —45(degrees)

Fiber crosslinking stiffness, [5,5,5)(N/m)— (nN -nm/rad)  [5,5,5]-10—[2,2,2]- 107

translation and rotation [x,y,z] —[1,1,1]-10* (N /m) — (nN - nm/rad)

Mechanical compliance [0.5,0.5](nm) [0, 0.5]-[0.5, 0] (nm)

for actin and matrix arm

Effect of matrix fiber diameter

The focal adhesion building phenomenon is strongly influenced by the geometrical properties
of the ECM. One of the most important factors to consider is the diameter of the matrix fiber
since this regulates the geometrical limits for the adhesion. In Fig. 3.6B, we show the same
case of section 3.3.2 (Fig. 3.6A), but with a diameter reduced to 150 nm. The results show

that when the fiber crosslinkings are stiffer, it gets more difficult to reorient them. The fiber
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diameter strongly influences the adhesion size since it regulates the limits for the formation

of new adhesions.

Effect of the unfolding

In this case, we aim to observe the influence of the unfolding on the adhesion size. For this
purpose the ACs unfolding event is blocked. The results shown in Fig. 3.6C establish a
general drop in the size of the adhesion compared to the reference case (Fig. 3.6A). Unfolding
allows the ACs to elongate further for the same force values. This gives stability to the bonds

allowing them to last longer.

Analysis for catch bond law

In order to assess the different responses of the system for the two unbinding laws, we change
the classic slip bond law for a catch bond one (Fig. 3.6D). We see that the size of the adhesion
generally drops with the catch bond law. This depletion is provoked by the higher probability
of unbinding that this law exhibits for low force cases. At the beginning, the ACs disengage
faster than they bind, causing a lower density of unions. When the ACs starts to transmit
force, they become more stable, but the load is shared by less ACs than in the slip bond case.
Therefore, even though they can bear higher forces, they are not able to compensate this lack
of bonds.

Effect of the ligand concentration

The ligand concentration is a determining regulator of cell matrix adhesions. This variable,
relatively easy to change experimentally, has a huge impact on this phenomenon. To analyze
its effect on the proposed model, we have carried out numerical simulations with four dif-
ferent concentration of ligands: 1.5-1073,1.2-1073,0.9-103 and 0.6 - 10 3ligand / (nm?).
These concentration values correspond to the reference value and to its 80%, 60% and 40%
value, respectively. The obtained results are shown in Fig. 3.8. When reducing the ligand
concentration, the adhesion size also decreases. Ligands serve as anchoring points for the
ACs, therefore a depletion in their number makes the formation of new adhesions more
difficult.
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Fig. 3.8 Sensitivity analysis of ligand concentration. In each graph the adhesion size
depending on the initial level of alignment for different fiber crosslinking stiffness is shown.
By reducing the ligand concentration, smaller adhesions are obtained, since it is more
difficult for the ACs to bind. (A) 1.2-1073(ligands/nm?) (B) 0.9 - 1073 (ligands/nm?) (C)
0.6-10 3ligands/ (nm?).

Effect of the unbinding rate

In the proposed model, ACs bound to both sides can unbind from actin filament or from
ligands on the matrix fiber. However, phenomenologically it is not clear whether it unbinds
more from one side or another. In order to address this question, we have conducted some
tests forbidding the unbinding in one side and maintaining it on the other side. The considered
parameters are the given in Section 3.3.2 and the obtained results are shown in Fig. 3.9. We
observe that, when the ACs only separate from the actin filament, the adhesion size is larger
than when the AC only unbinds from the ligands on the matrix fiber. This results can be
explained from a geometric point of view: finding the actin filament is easier than finding a

free ligand to bind since the actin filament is considerably bigger; therefore, when an AC



3.4 Discussion 61

separates from a ligand on the matrix fiber, it is more difficult for the AC to bind again,
which ultimately provokes a smaller adhesion. In addition, we can see that in both cases the
adhesion size is higher than in the case when unbinding phenomenon is permitted from both

sides, since in the latter case, the adhesion has higher possibilities of breaking.
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Fig. 3.9 Adhesion size for different unbinding places. In each graph the adhesion size
depending on the initial alignment between actin filament and matrix fiber for different fiber
crosslinking stiffness is shown. Since the actin filament is bigger and easier to find than a
free ligand, when the ACs only separate from the actin filament, the adhesion size is larger.
When the ACs only unbind from the ligand on the matrix fiber, the adhesion size is reduced.
(A) Only unbinding from actin is permitted. (B) Only unbinding from ligand is permitted.

3.4 Discussion

Computational works in biology help us to unravel fundamental mechanisms that are observed
in experiments, but that require further analysis for a better understanding. Here, we have
presented some particle-based numerical simulations providing an insight of the role that
different components play on the cell-matrix adhesions. In particular, the proposed model
reproduces the building of adhesion complexes between a filopodium and a single matrix

fiber during actin retrograde flow.

To our knowledge, this model for cell-matrix adhesions in a 3D environment, considering
a matrix-fiber approach, is novel and original. We have observed that the alignment between
the myosin retraction and the matrix fiber is crucial for the maturation of the focal adhesions
and therefore essential for cell migration. Due to this, it is worth to analyze how different

conditions or scenarios may regulate this process. In this case, we have considered that ACs
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are flexible elements with a non-linear behavior and they present some important properties,
such as binding-unbinding or unfolding-refolding. We have also considered the spatial
distribution of the ligands on the ECM, that determines the pattern of how the traction forces
are transmitted to the matrix fiber. This model offers the possibility of analyzing, individually,
the influence of the different proteins involved in the mechano-biological process: the
ligand concentration determining the adhesion size or the impact of the initial orientation
between the filopodium and the matrix fiber. In addition, we also consider how the matrix
fiber crosslinking stiffness influence the capacity of the ECM to reorganize itself under

cell-generated forces.

Qualitatively, the tendency obtained between the relative orientation of the filopodia and
the matrix fibers was already confirmed experimentally by Kubow et al. [108]. Moreover,
they showed that the local fiber size also has a significant role in 3D adhesions, in such a way
that the adhesive area in the fiber depends not only on the fiber orientation, but also in the
fiber size. The model proposed here is also consistent with those experimental observations,
as shown in the analysis of the matrix fiber diameter. Furthermore, this model allows us
to study a wide range of conditions providing a lot of information of how local properties
of both matrix and cell regulate the adhesion process. This could be a powerful tool that

provides an interesting insight of how the phenomenon responds under those conditions.

It is true that some of the shown results are strongly influenced by the specific conditions
set in this model. For the catch bond analysis, a different parameter adjustment would have
cause a different outcome in the results as we show further in this thesis. Parameters are
adjusted so numerical results are in a reasonable range according to the experimental data
from the literature. However, it has been observed that the variability of the lifetime average
depending on the force in catch bonds is very high. It depends on factors like integrin type
or different concentrations of elements in the experiments [171, 106]. Also, the difference
shown in the case where adhesion complexes are allowed to detach only from the ECM fiber
or only from actin are influenced by the geometry of the problem. If the simulations were
composed by various ECM fibers, instead of one, surrounding the cell protrusion, the ability
of the ACs to bind to actin would have been increased. Therefore, it is expected that the size
of the adhesion grows as the number of fibers increases. The effect is similar to increase the
ligand density, but taking into consideration that more ECM fibers would probably imply
the necessity of applying more force to reorient all of them. This sensitivity in some initial
conditions is something inevitable; however, this model currently offers the possibility of
adjusting some of them to the specific case of study (catch bond), and the possibility of

simulating more ECM fibers as future work.
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The formulation of some hypotheses and simplifications is a crucial and indispensable
procedure when building a simulation model. It is essential that they are selected accordingly
with the biology of the phenomenon. Here, we have assumed that locally, the property of one
matrix fiber is more determining than the whole ECM properties. In addition, we have set
the hypothesis that the fiber is pre-stressed and that the cell forces are not able to deform it.
Due to this, we assume that the fiber deformability is mainly due to the deformation of the
crosslinkers that links the different fibers. Moreover, referring to the fiber crosslinkers, we

have assumed, as a first approach, that they have a linear behavior and they cannot break.

In vivo, ECM fibers are usually loose and they tighten and deform when cells exert
forces over them, in fact, until they are not tight, cells are not able to move over them.
For example, collagen type I exhibits a viscoelastic behavior, they store elastic energy and
partially relax internal stress through dissipative process [135]. The fiber crosslinkers exhibit
a complex behavior and when they are subjected to a high level of force, they can break
down. Despite all these differences, the proposed model reproduces reliably the addressed
phenomenon. In the same ECM, at a local level, properties can change within a certain range
depending on the zone. With the proposed hypotheses, and based on the experimental data
found in literature, we have shown that the size of the adhesion (depending on the relative
orientation between protrusion and matrix fiber) presents a real behavior pattern that fits in

that range.

Crucial phenomena in cell adhesion process are addressed in this chapter. The relevant
process of how cells exert forces over the ECM, provoking its reorganization, is studied.
The role of matrix fiber stiffness in this process is analyzed through numerical simulations,
observing that the stiffer the crosslinkings are, the more difficult to reorganize the ECM by
the cell is. A tendency to always try to obtain the largest adhesion size is remarked. This
helps the cells to regulate their migration. To conclude, the discrete modeling presented here
is a relevant tool to improve the understanding of cell matrix-adhesions and to go deeper on
the biological knowledge of these processes.






Chapter

A hybrid computational model for

collective cell durotaxis

In this chapter, we improve the model from Chapter 2 to simulate single and collective cell
durotaxis. This chapter is published as [67]:

Escribano, J., Sunyer, R., Sdnchez, M. T., Trepat, X., Roca-Cusachs, P., and Garcia-
Aznar, J. M. (2018). A hybrid computational model for collective cell durotaxis. Biomechan-

ics and Modeling in Mechanobiology.

4.1 Introduction

Cell migration is crucial in a great number of biological processes, such as angiogenesis,
wound healing, and cancer metastasis [8, 124, 211]. In these processes, cell movement is
determined by a complex assessment of environmental cues that include soluble factors,
extracellular matrix (ECM) composition, anisotropy, and stiffness. Gradients related with
these different cues might result in directional migration [85]. The most studied condition of
directional cell migration is chemotaxis, which is the ability of cells to follow a gradient of
soluble chemical cues [122, 132, 164, 189]. It is also known that cells are able to sense and
respond to the mechanical properties of their surrounding environment. Cell morphology and

motility [39, 45, 94] are critically influenced by ECM stiffness. Cells placed in substrates
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with a spatial stiffness gradient move towards the stiffer part. This process is known as

durotaxis and it is implicated in development, fibrosis and cancer [118, 189, 195].

The mechanisms guiding single cell migration in 2D are well understood, and they could
be applied to collective migration. However, collective cell motility is not just the outcome
of several cells moving independently. Collective movement also involves integration of
guiding signals between cells in order to maintain the migration of cells as a group [84, 166].
Cells move together in a coordinated way with a behavior that cannot be seen in individual
cells. Recently, Merkher and Weihs [128] observed how single cells exhibit less invasiveness
when they are isolated than when they are surrounded by other cells. To understand how this
collective behavior emerges is a current research topic that is been thoughtfully investigated
[28, 126, 127].

In order to understand the mechanism guiding both single and collective cell migration,
computational modeling has been a powerful tool over these last years. Models can help us to
determine whether a mechanism would be feasible and to make predictions that can be tested
in experiments. They allow us to have much more control over any proposed mechanism,
which we rarely have on experiments. During the last few years there have been many
attempts to model cell collective behavior and motility in order to obtain a deeper insight
of the mechanisms that regulate this process and to understand how cells interact with each
other to produce this collective behavior. Rappel et al. [28] have presented an interesting
review of different works focusing on collective motility. In their work, they have divided the
models in three main groups based on the number of cells that they have simulated: motion
in micropatterned substrates, chemotaxis and cell sheets models. Leong [115] studied the
dynamics of a pair of cells using a dissipative particle dynamics model that takes into account
the acto-myosin forcing, viscous dissipation, and cortical tension. Later, Camley et al. [29]
simulated the same effect using the phase field model, including cell nucleus and polarity
and considering the forces between the substrate and the other cell. Kulawiak [109] also used
a computational phase field model of collective cell motility that includes the mechanics of
cell shape and a minimal chemical model for CIL (contact inhibition for locomotion). They
simulated a large number of cell-cell collisions on narrow micropatterned stripes, with the
aim to probe which properties in the cell-cell interactions are responsible for the different

outcomes.

There are different numerical approaches to simulate large amounts of cells: Cellular
Potts models can simulate cells in large confluent sheets [95] whereas vertex models are often

used to simulate collective cell behavior in monolayer sheets. Both models could integrate
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feedback mechanisms between cell migration and motile forces. Hybrid models have also
been used to predict the morphology of epithelial cells moving collectively [79]. Lin et al.
[117] have used a vertex model to study the effect on cancer cell invasion on the collective
dynamics of a tumor monolayer. Peng et al. [150] presented a two scale moving boundary
model of cancer invasion. Particle-based methods [180] and continuum approaches [44, 190]
have also been used to model monolayer expansion. In chemotaxis different behavior between
single and collective migration has also been reported and different models have been used
to simulate this phenomenon [123, 192]. Different cell-based models have been used to
simulate large cell populations behavior in different scenarios: growing monolayers [60],
epithelial monolayers in tumor initiation stages and progression [201], wound contraction
where the immune reaction, fibroblasts and myofibroblasts are considered [22]. Vermolen e?
al. [200] used a cell based model for epithelial wound healing that incorporates processes
like cell proliferation and death, cell-cell contacts, random walk, chemotaxis, paralysation of
constituent cells by pathogen secreted lactates. Chen et al, [36] used this kind of models to

describe cell migration in non-isotropic fibrin networks around pancreatic tumor islets.

Models simulating durotaxis are not usual in literature and most of them correspond
to single cell motion in 2D surfaces. Different approaches have been used to model single
cell durotaxis. Stefanoni et al. [185] proposed a 2D approach based on Langevin equation
with some modifications to consider mechanical properties of the substrate to simulate single
cell paths. Dokukina and Gracheva [55] developed a model of a fibroblast with viscoelastic
behavior using a Delaunay triangulation. Allena et al. [6] used the previous mentioned
Cellular Potts Model to reproduce single cell migration over flat substrates with different
rigidity. More recently, Novikova et al. [140] used a Random Walk model varying persistence
time with substrate rigidity. Kim ef al. [100] built a force-based computational model in
order to predict the cell invasion into a 3D ECM in response to chemotaxis and durotaxis
cues. Collective durotaxis was studied previously by [189]. In that work, it was observed how
emergent collective behavior is more efficient than single cell behavior. A discrete clutch

model which was able to predict experimental results was proposed.

Durotaxis in this model emerges as a consequence of a force balance. The combination
of cell-cell interactions with a spatial-temporal analysis of discrete cell-ECM adhesions
allows the system to respond to mechanical changes in the substrate. The model contains
a monolayer formed by several discrete cells. Cells are bound to each other by cadherin
proteins and each cell contracts and polymerizes. They also adhere to the extracellular matrix
through adhesion complexes (ACs). These ACs are dynamic structures that are constantly

binding and unbinding. The ECM is simulated as a set of truss elements with a variable
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stiffness which allows us to reproduce different rigidity gradients. Displacements of the
monolayer are considered only in one dimension, along the rigidity gradient direction. The
contribution of this model to the literature is considerable since it offers the possibility of
simulating both single and collective cell durotaxis. We are able to analyze mechanisms
that are crucial to understand how collective behavior emerges and compare it to single cell

migration.

That previous work [189] was focused on the experimental findings on how collective
behavior emerges from supracellular transmission of contractile physical forces. The model
explained the physics behind this phenomenon and was able to reproduce the main experi-
mental results shown there. However, due to the main focus on the experimental findings,
the implications and regulation of the proposed model were not explored. Here, we provide
an in-depth analysis of the proposed molecular clutch model of collective durotaxis. We
incorporate improvements and adjustments to simulate larger time ranges, and we present
novel results of the model such as the analysis of the effect of adhesion size or actin velocity.
Crucial aspects such as myosin activity, adhesion density and substrate stiffness sensing
are analyzed through a sensitivity analysis. We conclude that collective migration is much
more efficient than single cell migration. Force transmission, adhesions size as well as the
substrate stiffness difference between adhesive areas are crucial to regulate stiffness directed

migration, and we show qualitative predictions of the emergent behavior in each case.

4.2 Durotaxis model

We develop a generalized model for simulating single cell or collective cell migration
considering the dynamics of cell-matrix adhesions. The model methodology is an expanded
version of the one previously presented in [189]. These interactions are modeled using a
discrete approach based on a local clutch at the corresponding edges of the cell. Fundamental
aspects of the mathematical approach are based on previous chapters. The model consists of
three main parts to simulate the dynamics of cell population and to analyze their behavior
during migration: the cell monolayer, the ECM and the adhesion complexes, which are a
conglomerate of adaptor proteins that connect the other two parts (Fig. 4.1). The entire model
is composed by truss elements with different properties in order to simulate the different
parts. Cell monolayer contains several cells bound to each other by cadherins, which are

simulated as springs.
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Fig. 4.1 Cell monolayer model. (A) Schematic of the cell monolayer (dark grey) expanding
over a gel with stiffness gradient, based on experiments performed in [189]. Model approxi-
mation only considers displacements in the direction of the stiffness gradient (red rectangle).
(B) The monolayer is composed by several bound cells placed in a substrate with a rigidity
gradient. (C) Cells are bound to each other with cadherins. Adhesion complexes (ACs) bind
the monolayer with the ligands in the extracellular matrix transmitting the forces and causing
the substrate deformation. The ECM, simulated as a set of springs with a variable Young
modulus, presents a stiffness gradient, which guides migration direction and speed.

Each individual cell is divided in three different parts (Fig 4.2): The first part is a central
contractile rod where myosin molecular motors apply forces to contract the actin filaments.
The second part consists of two adhesive zones flanking the contractile part, which binds to
the ECM through discrete particles called adhesion complexes (ACs). Those represent the
different adapter proteins (such as talin, vinculin, paxillin, and integrins) that bind the actin to
the ECM [46, 96]. Finally, there is a protrusive part at each monolayer edge, where the actin
monomers polymerize. Due to the high number of elements involved in this kind of process
and to the lack of knowledge that there still exists in some of the involved phenomena, some
simplifications in the system are necessary when building the model. Thus, this approach
simplifies the system by considering only the spatial direction along the stiffness gradient.
In the following sections, we describe the mathematical formulation of the model and its

corresponding numerical implementation.

The cell monolayer consists of a set of cells, n..;;, bound to each other with cadherins.
As we have described previously in Fig. 4.2, each cell is composed by three main parts. The
central contractile part of the monolayer is modeled as a long truss element with variable
length on which myosin exerts a constant contraction, pulling on the adhesive and protrusive
parts. This contraction is included by means of a gradient deformation tensor, F.. This tensor
provokes a contraction in the contractile part which generates no residual internal stress.

However the presence of other cells or the adhesion complexes binding to the substrate might
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Fig. 4.2 Schematic of a single cell. Cell (upper horizontal bar) is connected to the substrate
(lower black bar) by the adhesion complexes (ACs, blue bars). Contractile forces generated in
the cell are transmitted through these ACs to the substrate. The cell consists of a contractile
part, an adhesive part and a protrusive part. The contractile part contracts and pulls the rest
of the monolayer. The adhesive part is formed by actin monomers and allows the cell to
adhere to the substrate through the ACs. The protrusive part enables the monolayer to expand,
adding new actin monomers to the adhesive part.

generate residual internal stress which makes F. incompatible. The total deformation gradient
due to contraction F*°" needs to warrant compatibility in the mechanical equilibrium. To
make F" compatible, an auxiliary tensor F§”" is needed. This tensor incorporates the
internal residual stress of the system caused by the presence of other cells or adhesions to the
substrate. Thus, the total deformation is described by the deformation gradient [158, 165]
(see Fig. 4.3):

chm — F(L)‘()l’ll . FC (41)
In general, kinematics of the deformation gradient tensor is expressed [20] as:

P
F=— 4.2
= (42)
where the motion is described by a mapping & between initial and current particle positions
as: @ =x(X,1). If we consider a small displacement u(x) from the current configuration

@ = x(X, 1), we can express the displacement gradient tensor L as:

du(x,1)
X

where the displacement gradient tensor corresponds to the linearized deformation € and

L=

(4.3)

rotation tensors @:
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F /A
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Fig. 4.3 Explanation of the deformation tensor for contraction. Deformation tensor, F,
is the consequence of myosin activity and it contracts the central part of the cell (orange). If
there is no adhesion to the substrate (grey) or the presence of other cells no residual stress is
generated and therefore, this deformation is compatible: F** = F,. . If there are adhesion
complexes binding the cell with the ECM an internal residual stress is generated by these
parts and the deformation tensor is not compatible. In this case, an auxiliary compatibility
tensor Fy, that englobes this internal residual stress is necessary to reach an equilibrium state:
Fcom — Ff)och-

1 1
L:E(L+LT)+§(L7LT):8+(9 (4.4)

Deformation gradient tensor can be written in terms of the displacement gradient tensor
L using the expression F = 1+ L, (1 being the unity second order tensor). Then, if we

expand equation 4.1, we obtain:

F = (1+Ly™)(1+L,) (4.5)

If we develop this formulation under the small deformation assumption we have that:

FC(H’![ ~ 1 _|_LC +L8()nl (4.6)

Therefore, myosin creates a strain rate on this contractile segment that is regulated
by the forces associated to the adhesive complexes, Fg""’. Hence, if there are no ACs
connected to the substrate, the contraction from the myosin only occurs in the cell and it
is not transmitted to the substrate, then Fg""’ =1, and the total strain rate of the contractile
segment F°" =1+ L, is maximum. If there exist ACs connecting the cell to the ECM,
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the transmitted force increases and opposes contraction, stalling myosin and cell movement
when it reaches F,, and then F*" = —L{", obtaining: F*" = 1.

The adhesive part is composed of a set of actin monomers, each of them allowing the
dynamic binding and unbinding of adhesion complexes. This part has a length L. that
depends on the initial number of actin monomers, n,,,, which are separated a distance d,,,.
nam 1 kept constant throughout the simulation by balancing polymerization and depolymer-
ization at both ends of the adhesive part.

In a similar way, the polymerization part is located at the cell edges in order to simulate
the protrusion phenomenon due to actin polymerization and depolymerization. This part
is also modeled as a long truss element with variable length, with a constant growth F,,
pushing the other cells. Analogously to the contractile part, the total deformation in the

polymerization part can be divided in two terms and it is described by:

i oli
Froli = F/".F, (4.7)

Under the small deformations assumption we obtain:

ol =141 4L, (4.8)

where FP°" is the deformation gradient of the polymerization part, L p 1s the maximal strain
rate associated to the cell growth and Lg"li is the strain rate due to the resistance that adjacent
cells exert on the current cell. Hence, if there are no surrounding cells and both cell edges are
free, there is no constraint strain due to surrounding cells (Ff)m” = 1), and the total strain rate
of the polymerization segment is maximum and equal to F/?/ =1+ L,. However, if there

are surrounding cells close to the studied cell, these cells can regulate polymerization growth.

4.2.1 Particularization to 1D cell monolayer

Although the model is implemented in 2D, the mechanical resolution of the whole system
is one-dimensional (1D), considering all the elements as trusses. Here we present the
model described previously in the particular case of the 1D approach. We simulate the
myosin retrograde flow applying a constant deformation to the contractile part, €.(¢). The

displacement gradient tensor is therefore:



4.2 Durotaxis model 73

0 0
L()=| 0 o0 ol. 4.9)
0 0

€.(t) is related with the maximum velocity of contraction for the unloaded case (that is,
without bound ACS) vc max:

Lcell,c (t) — Ve,max * At
Lcel/,c (t) '

where L (1) is the length of the contractile part of the monolayer and Az is the simulation

&(t) =

(4.10)

step time. The elastic modulus of the contractile part , E..; o(f), is updated at each time
increment to reproduce the known inverse relationship between actin retrograde speed and

maximum force exerted by myosin, f;,, [34].

ve(1) :vc.max(l—f“;(t)), 4.11)

where fyc(t) is the force exerted by the adhesion complexes and v.(¢) is the real contraction
velocity for each time step. fac(#) is determined by the deformation of the compatibility
tensor F{”", necessary to obtain the actual deformation of the contractile part that corresponds
to the total deformation gradient due to contraction, F°". To this end, E .y () is updated so
that the contraction &.(¢) produced by f;, results in the maximum myosin contraction speed

Ve,max When divided by the duration of each time step of the model, that is:

_ fm . LcellAc (t)

Ecell c(t)
’ Ve,max “Acen At ’

4.12)

where A, is the cell area.

In a similar way, we propose the following formulation for the polymerization. Poly-
merization only occurs in the protrusive zones provoking their and, therefore, the growth of

the cell. The maximum polymerization elongation is defined as

0 0
L(t)=] 0 0 0 (4.13)
0 0
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with g,(f) related with the maximum polymerization velocity v, uax (When there are no

surrounding cells):

Lcell,p(t) — Vp,max * At

4.14
Lcell,p(t) ( )

gp(t) =

This elongation produces a maximum polymerization force, f, exerted over the sur-
rounding cells. In order to conserve a linear relation between f,, and the polymerization
velocity, the elastic modulus of this part is also updated at each time step to ensure this

relation:

_ fp 'Lcell,p(t)

. 4.15)
Vp.max * Aceli At

Ecenr p(t)

The surrounding cells provoke a deformation corresponding to the compatibility tensor
Fgozi. So, the actual deformation of the polymerization part is given by the total deforma-
tion gradient due to polymerization FP°/. Therefore, equation 4.14 defines the kinematics
associated to the polymerization part of the cell. Hence, after computing F*°/' by means of
numerical simulations, the length of the contractile part of the cell is updated at each time
increment. Depolymerization is also considered by means of updating the length; when the
protrusive part length increment is higher than the distance between two actins (dg;,), a new
monomer is added provoking the growth (of d,,,) of the adhesion zone and the corresponding
shrink of the protrusive part. In order to keep the length of the adhesive zone constant at each
time that polymerization occurs, depolymerization is forced at the other end of the adhesive
zone, which ultimately provokes a growth of d, in the contractile part. In this way, the cell
is growing as a consequence of actin polymerization whereas adhesion zone length is kept
constant. The elastic moduli of the contractile and protrusive parts are recalculated at each
time step in order to ensure the same linear relation between the contraction or protrusion

velocity and the force that opposes to it.

It is important to remark that polymerization is what causes the general cell/monolayer
growth. There are no other effects included in the model that causes the growth of the
monolayer. In fact, the cell growth is determined by a competition between contraction and
polymerization. Both phenomena have been considered independent from each other. Con-
traction total velocity depends not only on the contraction itself but also on the adhesion with
the ECM. Polymerization depends on the actual polymerization velocity and the existence of

other cells surrounding the part that is polymerizing.
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Finally, we note that the elastic moduli of the different parts of the cell E¢.j; ¢, Eceir,p
and E.;; , (contractile, polymerization and adhesive) merely serve to reproduce a contractile,
stiff actin filament and they are not meant to represent actual values of cell stiffness. In fact,
the elastic modulus of the contractile and protrusive part varies throughout the simulation in
order to ensure the same linear relation (equations 4.12 and 4.15) between maximum force

and maximum contraction independently of the current length of each part.

4.2.2 Substrate

The substrate is simulated as a set of truss elements with total length Lg,,, and a cross-
sectional area Ay,;,. Note that Ay,;, does not coincide with the gel section in experiments
since the displacements observed in experiments do not occur through the entire gel substrate
depth, but only near the surface. The substrate contains a set of ligand points, which serve as
anchoring points for the ACs and are separated a fixed distance, dj;,. To model the different
stiffness gradient conditions, the stiffness of each truss element E,;, (between ligands) is
different depending on its spatial location. We assume that the substrate behaves as a linear

elastic material where its elastic modulus is defined by Ej,,.

4.2.3 Adhesion complexes (ACs)

ACs are modeled as a bar in which one end binds to the actin monomers and the other one to
the ligands. Thus ACs can be completely free and moving according to Brownian dynamics,
bound only at one edge, or bound at both edges. Force transmission between cells and
substrate only occurs in the latter case. Brownian dynamics of free ACs are governed by the

Langevin equation [101], in which inertial effects are neglected. If we consider the i-th AC,

dr; 1
2 _FB,
d G

(4.16)
where r; corresponds to the current position of the AC, ; is the drag coefficient, and F? is a
stochastic force. In order to model the Brownian behavior of the adhesion complexes, we
consider that these complexes are subjected to stochastic forces approximated as white-noise
processes fulfilling the hypothesis of the fluctuation-dissipation theorem [59], that is, they

must satisfy the following relations:

(FB(r))y =0,  (FE(e)FB(t')) = 2kpT ;5,;8(1 1), (4.17)
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where kp is the Boltzmann constant, 7' the absolute temperature, ; the drag coefficient, J;;
the Kronecker delta, and & the Dirac delta function (it means that when ¢ ~ { then § —» o),
In order to simulate these forces numerically, an equivalent discrete form of the previous
equations during an individual time step, beginning at time t and ending at time ¢ + Ar, are

considered:

2kgT

(F?(1)) =0, (FP()F} (1)) = BAC’ 1§, (4.18)
where At the time increment considered in the simulation and & the second-order unit tensor.
We considered for simplicity that the geometry of the AC corresponds to a sphere with
drag coefficient §; = 31 raC, being rac the radius of the sphere and 7 the viscosity of the
medium [66].

Binding and unbinding of ACs to the actin filaments and to the substrate are modeled
through binding rates kp;,; and unbinding rates k;g. Binding rates are modeled according to

the Bell equation as a function of the distance between them:

kpina@Xp(—Apina - dp)  if dyy < dji,
kpina = o
0 if dy > dpe.

where Ap;,q is the mechanical compliance for creating the bond, kbm 4 18 the zero-distance
binding coefficient, dj, is the distance between the adhesion complex and the closest ligand

or actin binding site and d;%; is the maximum distance for binding.

Unbinding is modeled as a catch/slip bond law, experimentally proved in different
integrins [141]:

kb = exp(®. — @) + exp(® — @y), (4.20)

with @ = F,/F* , where ®., ®, are the parameters of the catch and slip bond regimes
respectively, F* is used to normalize the force and Fj, is the modulus of the current force for
the specific adhesion complex (modulus of the local force transmitted from the cell to the

substrate).
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4.2.4 Model implementation

Computational simulations are implemented using the Finite Element Method (FEM), under
the assumption of small deformations and considering that all the mechanical components
present a linear elastic behavior. Nevertheless, a dissipative analysis is required due to
the friction between the cell monolayer and the surrounding medium. All equations are
implemented in a C++ code. Simulations start with all the ACs unbound and free, and the
monolayer expanding symmetrically at both edges in such a way that the speed of actin
polymerization dominates over contraction. Fig 4.4 shows the algorithm that is carried out
after initialization at each time step increment. The parameters used in the model can be
found in Table 4.1.

Step
beginning
> Update urlt')ound —> Check AC binding
Ac position
NO
Unbiding YES i
event? Contraction and
polymerization
Check AC Calculatate

e |
unbinding displacement field

Fig. 4.4 Computational algorithm for each time step. First we calculate unbound AC
locations through Langevin equation and then check if a binding event occurs. Binding
depends on AC distance to ligand or actin monomer. After we apply cell contraction
and actin polymerization and compute the resulting displacement field. Then, from the
displacement field we calculate bound AC forces to determine whether they unbind or not. If
any unbinding event occurs we recalculate the displacement field and this process is repeated
until no unbinding occurs and the system is in equilibrium.

We have made a 1D approximation of a 3D problem where we analyze the system in
one direction (the one along the gradient). Since we assume that this direction is much longer
than the other two, we can simulate all the elements as a set of rods with a given length, area
and Young modulus. The behavior of the system can be expressed in terms of the global

stiffness matrix, K [90]. The displacement field d at the cell monolayer and the substrate are
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Table 4.1 Model parameters. These parameters could be found in the literature and their
values are maintained within a range. Myosin force and unloaded contraction velocity have
been selected within the ranges observed in previous works [62, 63]. Parameters of the
catch bond law are according to average lifetime reported for FN — a581 [106]. Actin
polymerization velocities are obtained from values reported for actin flow after myosin
inhibition [75]. Binding properties have been selected in order to ensure a strong adhesion
which allows a better force transmission, values are within the range used in [62]. Size of
the adhesion complexes is within the range of experimental observations of focal adhesion
architecture [96]. Polymerization velocity is set so total growth of the monolayer correlates
with experimental observation [189]. Polymerization force is set within values reported in

[9].

Parameter Symbol Value
Boltzman energy kgT 4.142-10721(J)
Myosin force Sm 630(pN)
Unloaded contraction velocity Vemax 80(nm/s)
Polymerization force fr 15(pN)
Maximum polymerization velocity Vp max 12(nm/s)

AC radius rac 40(nm)

Force to normalize parameters in catch bond law F* 3(pN)
Nondimensionalized force of catch curve D, 0.6025

in catch bond law

Nondimensionalized force of slip curve D, 10.2112

in catch bond law

Medium viscosity for the AC arm n 8.59-10~*(Pa-s)
Friction between cell and the surrounding medium S 3.5-10*(Pa-s)
Mechanical compliance of the AC for creating the bond  Aping 0.1(nN —1)
Zero-force binding coefficient K. 100(s—1)
Maximum distance for binding dpiy 15(nm)

Cell adhesive part elastic modulus Ecella 5-107(Pa)
Monolayer total length Lo 5-10° (nm)
Cell area Acell 8-10° (nm?)
Cell adhesive part length Ladhesive  6-10%(nm)
Distance between actin monomers dam 25(nm)

AC spring constant Kac 0.1N/m
Substrate length Ly 2.5-10°(nm)
Substrate area Agub 2.2-107 (nm?)
Distance between ligands djjg 100nm
Simulation step time At 0.03s

Total time of the simulation T 360s
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computed through the Finite Element Method, considering both elastic forces and a friction

coefficient between the cell monolayer and the surrounding medium, that is:

Cd+Kd =b, 4.21)

where C is the viscous damping matrix only associated to the cell monolayer (adhesive and
protrusive parts) and b is the external global force vector. For this particular model, external
global forces are zero (b = 0) since cell contraction and polymerization are included as a
deformation of the bar, and therefore, they are considered as internal forces. The global

stiffness matrix K is built from the assembly of the local stiffness matrix at each element i:

' E‘AT —EA
1 1
K=| L. 5 (4.22)
Li Li

where E; is the elastic modulus of the element i (belonging either to the cell, the substrate or
the adhesion complex), and A’ and L' are the area of the rod section and length of the rod,

respectively [90].

A particular convenient form of the viscous damping matrix associated to the degrees of
freedom of the cell monolayer (in the adhesive and protrusive parts) is the Rayleigh damping

matrix:

c=Sm=la [1 0] (4.23)
p 2 0 1

where ¢ is the friction coefficient associated to the surrounding medium (this coefficient is

fixed to be Kg/(nm - s) to assure adequate units of C’ as (Kg/s), p is the density of the cell

monolayer and M’ is the diagonal mass matrix associated to the cell monolayer. Due to the

time dependence of the model, in order to solve the mechanical problem at each time step,

we use a backward Euler method, that is:
CVoi1 +Kdyiy = by (4.24)

d,, —d
vn+1=7”“m " (4.25)

where d,,;1 and b, are the temporal approximations of d(#,;) and b(,1), respectively.

In particular, we have implemented the d-form proposed by Hughes [90]:
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1 1
& (CHAK)dyit = by + - Cd, (4.26)

4.3 Results

We aim to test the ability of the model to predict the durotaxis event under different conditions
according to experimental measurements. We use different types of substrates with different
stiffness gradients: steep gel, shallow gel and uniform gel (constant rigidity). Steep gel
possesses a higher gradient than the shallow gel (Fig. S4.1). We simulate a cell monolayer
for a specific length placed in different initial position on the substrate (different initial
stiffness) for each of the gradients. We refer to this initial position as stiffness offset. The
only parameter tuned for the different conditions is the elasticity modulus of the substrate, in
order to reproduce the corresponding stiffness gradient and the initial monolayer stiffness

offset, that have been used in the experiments.

Durotaxis in the model is caused by two different processes. The first one is the
mechanical balance between the forces transmitted through the adhesions at both ends of the
cells. Force balance causes the deformation of the substrate, which is higher in the softer
part than in the stiffer part. This generates a directional movement towards the stiffer part
(see Fig. S4.2). The second one is cell growth. Two mechanisms affect cell growth: the actin
retrograde flow that is originated by myosin activity and provokes the cell shrinking, and
actin polymerization, which causes cell growth. Balance between these two effects results in

the effective cell growth velocity.

We test our model under different conditions. First, we establish two behavior hypothe-
ses in order to understand the difference between single and collective cell migration and
observe how different stiffness offsets in the gel along the stiffness gradient influence the
effectiveness of the directional movement. Moreover, we compare our numerical results with
experimental data. Then, we study different aspects on both edges of the monolayer (low and
high stiffness) for different offsets and different gels: their movement and the actin retrograde
velocity. Finally, we perform a sensitivity analysis identifying different parameters that are

relevant to the durotaxis processes.

Results shown in this chapter are based on experimental results obtained by the same
authors in [189]. Here, we use the same stiffness gradients and similar stiffness offsets in
order to validate the model output with the experiments. The validation of the results is

carried out in terms of velocity. In order to compare displacement results with experimental
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data, simulations are linearly extrapolated from 6 minutes to 10 hours to accelerate calculation
time due to the great number of different offsets. Simulating ten hours is computationally
expensive and the results do not change significantly (Fig. S4.3).

4.3.1 Collective cell durotaxis is more efficient than isolated cell duro-

taxis

First, we compare isolated and collective behavior (Fig. 4.5). In isolated behavior, each
individual cell contracts and adheres to the ECM on both sides. Each cell behaves as if it
is isolated, without showing any kind of collective behavior. Our simulations show that
cells inside the monolayer exert peak forces over the ECM, Fig 4.5C. However, it has been
observed experimentally [189, 190] that higher forces are more likely to concentrate in both
ends of the monolayer than in the middle of it. This suggests the existence of a mechanism
that regulates collective behavior where cells in the middle are driven by the cells on the
monolayer border. Based on these observations, we make the assumption that only cells
in the monolayer edges adhere to the substrate and that forces inside the monolayer are
fully transmitted through cell-cell adhesion from one edge to edge. In order to simulate this
collective cell behavior, for simplicity, we assume the monolayer as a long cell that only
adheres at its border (Fig 4.5B). We can observe that for this case, forces concentrate on the

monolayer borders (Fig 4.5D).

With the aim of testing the efficiency of both mechanisms in exhibiting durotaxis, we run
a test where we place different monolayers in different initial stiffness offsets and we track the
movement of the monolayer center (Fig 4.6). Simulations for both hypotheses are compared
with experimental data [189]. Tests are done for two different rigidity gradients (steep gel
and shallow gel) and a case with constant rigidity (uniform gel). Cell monolayers with
isolated behavior exhibit considerably lower durotaxis than experimental results and barely
show sensitivity to the stiffness offset. These results for isolated behavior also correlate with
experimental observations where cell connections were altered by the depletion of x—catenin
in order to avoid collective behavior [189]. Force transmission between cells and ECM inside
the monolayer critically reduces their ability to sense the stiffness gradient and provokes a
reduction on the directional movement towards the stiffer part. Results for collective behavior
assumption, where force accumulates at the borders of the monolayer, show a considerable
higher ability to follow the stiffness gradient and more sensitivity to changes in the stiffness
offset. In general, durotaxis is higher when the monolayer is initially placed in the softer

substrate position. The ability of cells to migrate with directionality is coupled with the
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rigidity gradient that they are able to sense. This is determined by the difference in the
substrate stiffness between both sides where the cell monolayer is attached. When the cell
monolayer is placed in the softer part of the gradient, the stiffness difference between both
sides is higher than when it is placed in the stiffer part due to the exponential nature of the
stiffness gradient. For gels without rigidity gradient (Fig 4.6C) directional movement is lost,
and the monolayer grows symmetrically towards both sides.
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Fig. 4.5 Isolated vs collective cell behavior. Comparison between both hypotheses proposed
for cell movement. Cell (orange) contraction forces, originated by myosin activity, are
transmitted to the substrate by the adhesion complexes. These adhesion complexes adhere to
the actin monomers in the cell and to the ligands in the ECM. The ECM is composed by a
set of springs in series. Each spring has different stiffness in order to simulate the rigidity
gradient. In isolated behavior each cell behaves in an independent way. Each of them adheres
to the substrate transmitting the force. In collective behavior, cells inside the monolayer
are driven by the cells in the border. Adhesion and therefore force is concentrated at the
monolayer edges. (A) and (B). Schematic for each type of behavior. For collective behavior
(B), since adhesion only occurs at both ends, the monolayer is simulated as a long single cell
for simplicity. (C) Simulation results of force exerted by the monolayer over the substrate
for isolated behavior at the final time step (monolayer composed by 7 cells). (D) Simulation
results of force exerted by the monolayer over the substrate for collective behavior at the
final time step.
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Fig. 4.6 Isolated vs collective durotaxis. Movement of the center of mass of different
monolayers after 10 hours. Cell monolayers are placed in different initial positions of the
substrate (stiffness offset). The horizontal axis represents the initial rigidity at which the
monolayer center is placed in the substrate rigidity gradient. Color represents the two different
hypotheses of behavior; isolated behavior (green) and collective behavior (blue). Red color
corresponds to experimental measurements from [189]. Numerical results correspond to
the mean of a sample with a population n=10. Error bars are the standard deviation. (A)
Movement of the center of mass with a steep gel. (B) Movement of the center of mass with a
shallow gel. (C) Movement of the center of mass in a uniform gel (without rigidity gradient).
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4.3.2 Stiffer edge of the cell monolayer advances faster than the softer
one

If we analyze both edges of the monolayer (Fig 4.7) we observe that the edge located in
the stiffer part grows faster than the one located in the softer one. The growth of each part
depends on the stiffness of the substrate where it is located. If we observe actin retrograde
velocity of each side of the monolayer (Fig 4.8) we find that in the stiffer part retraction
velocity is lower than in the softer part for both steep and shallow gels. This is consistent

with previous experiments, where this same effect was described [189].
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Fig. 4.7 Cell monolayer edges growth. Position of both edges of the cell monolayer
(horizontal axes) during the simulation time (vertical axes). Left column corresponds to steep
gel and right column to shallow gel. (A, B) Stiffness offset of 9 kPa. (C, D) Stiffness offset
of 21 kPa.
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Fig. 4.8 Actin retrograde velocity comparison between both cell monolayer edges. Actin
retrograde velocity average of one simulation case for the two different rigidity gradients.
Velocity difference between stiff and soft edge is shown. Error bars correspond to the standard
deviation. (A) Results for a 21 kPa stiffness offset. (B) Results for a 9 kPa stiffness.

A constant polymerization velocity with a lower retraction velocity means a higher
growth. This higher growth of the stiffer part, coupled with the movement towards the stiffer
part of the monolayer due to the force balance and the higher deformability of the softer
part, provoke the higher growth in the stiffer part of the cell monolayer observed in the

simulations.

4.3.3 Larger monolayers are more sensitive to stiffness gradients

In order to test the ability of cells to migrate with stiffness directionality depending on the
rigidity gradient that they are able to sense, we change the monolayer length (Figs 4.9A
and 4.9B) for steep and shallow gels respectively. We observe that a variation in the length,
results in a variation of the rigidity gradient that the cell monolayer is able to sense, and it
influences the ability of cells to move towards the stiffer part of the substrate. Increasing the
monolayer length, and therefore the rigidity difference between both adhesive parts, increases

directional migration.
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Fig. 4.9 Sensitivity analysis. Displacement of the cell monolayer center for different stiffness
offset. Key parameters are changed and results are compared to the reference case. The
first column corresponds to a steep gel and second column to a shallow gel. Results are
the average of n = 5 simulations and error bars correspond to standard deviation. (A, B)
Variation in the monolayer length. (C, D) Change in the contraction force of the monolayer.
(E, F) Variation in the number of adhesion complexes available in each adhesion zone. (G,
H) Ligand density, tuned by modifying the separation between the ligands in the substrate.
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This correlates with experimental observations [189], and it also explains the mechanism
by which collective migration is more effective than single cell migration. In our simulations,
single cell would correspond to a monolayer of the size of a cell, which will show much less

sensitivity to the gel gradient.

4.3.4 Myosin contractility promotes durotaxis

Cells are able to sense the rigidity gradient by means of force transmission from the cy-
toskeleton to the substrate through adhesion proteins. Therefore, we expect to obtain a
reduction in the gradient sensitivity by means of decreasing this force transmission. To this
end, we study the role of cell contraction on the cell monolayer migration. Figs 4.9C and
4.9D show that a reduction in myosin contractile force also reduces durotaxis. This effect
correlates with experimental observations [189], where blebbistatin added to reduce myosin
contractility provoked monolayers to grow more uniformly at both edges, therefore exhibiting

less durotaxis.

4.3.5 Adhesion is crucial to regulate durotaxis

Cell-matrix adhesion has a relevant impact on force transmission. Therefore, we expect to
obtain a significant impact on directional migration when we modify adhesion characteristics.
We simulate this effect by changing AC density at each side of the monolayer. In Figs 4.9E
and 4.9F we observe that a reduction in adhesion also reduces the ability of the monolayer to
sense the stiffness gradient, provoking a more uniform growth at both edges which ultimately
results in less durotaxis. A different way of tuning adhesion in the model is to change the
ligand density in the substrate. This could be done by reducing or increasing the distance
between them. Results are shown in Figs 4.9G and 4.9H where the same effect as the one
observed with the change in AC density is obtained. Fig 4.10 shows how the average number
of discrete adhesions for different cases, confirming that the number of adhesions is indeed

responsible for the observed behavior.
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Fig. 4.10 Cell-ECM discrete adhesion number. Average number of adhesions (bound
adhesion complexes) during the total simulation time. Simulations correspond to an offset of
9 kPa for both steep and shallow gel. (A) Variation in the number of adhesion complexes
available in each adhesion zone. (B) Varying distance between the ligands in the substrate.

4.4 Discussion

We have proposed a computational approach that explains the well-known low to high
stiffness motion in substrates with rigidity gradients as an emergent phenomenon caused
by the force balance between cell-ECM adhesions. In our model, durotaxis occurs due to
the ability of cells to deform the substrate more in the part of lower stiffness than in the
stiffer part. Then, force balance results in preferential directional movement towards the
stiffer part. Previous interesting approaches for modeling durotaxis [140] explained this
phenomenon for single cells as a persistence driven process. The persistence time of cell
motion was dependent on substrate rigidity, and based on experimental observations it was
set higher for stiffer substrates. Our physical approach offers a different way of explaining
durotaxis, although it is complementary to this previous explanation. In fact, we could
observe how higher persistence movement for stiffer substrates emerges from our simulations
(Fig S4.4). It is also worth to mention some other works where negative durotaxis was
reported [21, 85, 182]. The fundamental physics of the durotaxis phenomenon presented
in this work is not contrary to what it was observed in these other previous works. In fact,
migration is the result of the competition between different mechanisms, not only durotaxis
as we have considered in this chapter. If durotactant cues are not as strong as others, like
chemotaxis, durotaxis is not going to be the main mechanism that regulates migration. This
might result in migration towards softer parts of the matrix depending on these other potential
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mechanisms activated by other stimuli [51]. Actually, even in the absence of other different
factors regulating migration, in single cells or very shallow stiffness gradients cases, the
mechanotransduction mechanism proposed here might not be strong enough to regulate
migration. In such cases migration could be regulated by other force-sensing mechanism
like sub-micrometre contractions that occur in a few seconds at the cell borders during the

formation of nascent integrin adhesions [208].

Model is designed to reproduce experiments of 2D migration and it could also be valid
for 3D migration. However, we have to keep in mind that although the physics that regulate
our model are still valid in 3D migration, their contribution to the overall competition between
the different mechanisms that regulates migration is going to be much less effective than
in 2D migration. In 3D migration there are additional effects regulating migration that are
not present or have less impact in 2D migration, such as pore size, porosity, permeability
and matrix degradation. In fact, 3D migration is impaired by steric hindrance [51, 111, 133].
The model presented here allows us to compare single motility with collective cell migration
and to understand the underlying mechanisms that make collective migration much more
efficient than single cell migration. For this matter, we consider two main types of behavior
for cell monolayers: collective or isolated. In isolated behavior all cells contract and adhere
to the substrate as individual entities. As a consequence of this individual connection to the
substrate, transmission of forces between cell-cell connections is not effective, impeding cell
monolayer from sensing the gradient. All of this results in much less efficiency in durotaxis.
This is in line with previous experimental results where cell-cell junctions were inhibited
[189] and directional movement towards the stiffer part was critically reduced. For collective
behavior, based on experimental observations [189, 190], we assume that forces exerted over
the substrate accumulate at both edges of the monolayer. Cells inside the monolayer do not
adhere to the substrate and are driven by the cells in the border. This provokes a more efficient
transmission of forces through the monolayer, enabling a better stiffness gradient sensing
which ultimately results in higher durotaxis. In order to simulate this behavior, for simplicity,
we simulate all the monolayer as a long single cell that only adheres to the monolayer at their
edges. The reason for this is that if passive cells inside the monolayer do not adhere to the
substrate, then their contraction and polymerization in the model are formally equivalent to

simply considering one big cell. For this case durotaxis is clearly observed.

Results are also in concordance with other previous works that showed that collective
movement is more efficient than isolated cell movement [128]. Moreover results in both
behavior hypotheses (isolated and collective) correlate with experimental data of [189],

showing the same trend and adjusting with relative accuracy. We do not only validate results
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in terms of final displacement of the monolayer, but we also observe how actin velocities and

monolayer growth emergent behavior correlate with experimental measurements.

A sensitivity analysis shows interesting evidence on how durotaxis can be regulated by
different mechanisms. Cell monolayer size regulates gradient sensing. Single cells sense a
smaller range of the stiffness gradient than a cell monolayer. This difference increase as the
monolayer becomes bigger. Force transmission from the cell to the substrate is also observed
to play a major role in gradient sensing. By reducing myosin contractility, we also obtain
a decrement in durotaxis. The same effect is reported when reducing the overall localized
number of cell-substrate adhesions. In fact, substrate adhesions have been reported as a
crucial factor in other works on durotaxis [153, 214]. Adhesion is known to be higher in the
stiffer part than in the softer part. Here, adhesion properties are only modelled in terms of a
catch-slip bond law, with no specific relation to stiffness. If we compare adhesion in different
rigidities (Fig. S4.5), we observe that in the stiffer parts adhesion is slightly higher, although
difference is not significant. Promoting this adhesion difference in terms of rigidity seems a

complementary way of promoting durotaxis.

There are some aspects that have not been considered here and could also play an
important role in durotaxis. For example, cell proliferation in the monolayer, adhesion spatial
distribution on a 2D plane, or the previously mentioned more significant difference between
overall adhesion number in softer parts of the gel than in stiffer parts of the gel (which could
be modeled as the well-known adhesion reinforcement that occurs under higher force rates
[62]. However, in summary, our model presents an intuitive approach to simulate durotaxis
as the consequence of the cell’s ability to deform the substrate more in its softer part than in
the stiffer one. This explanation is compatible and consistent with other models proposed
in the literature [140]. The possibility of simulating not only single cells but also collective

migration under stiffness gradients adds a significant advance to the existing literature.
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Fig. S4.1:Cell-Extracellular matrix adhesion schematic. Representation of the main
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Fig. S4.2:Physical explanation behind durotaxis. Actomyosin-driven contraction of the
monolayer causes substrate deformation. Velocity of such contraction is related to the
binding/unbinding dynamics of focal adhesion and local substrate deformation. Substrate
deformation is represented as a deformed discrete spring for simplicity, but the model is
composed by a continuum set of springs with variable Young modulus. (Bottom) To maintain
force balance across the monolayer after each myosin-driven contraction step, the substrate
is pulled by a larger amount on the soft side (dy.s;) than on the stiff side (dy;rr), which
eventually causes overall movement toward the stiff side.
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Fig. S4.4:Persistence movement of cell monolayers placed on uniform gels. A single
cell is placed in three uniform gels with different stiffness (10, 30 and 45 kPa). We observe a

higher persistence movement in stiffer gels.
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Chapter

Balance of mechanical forces drive

endothelial gap formation

In this section, we present a new computational model to simulate an endothelial cell
monolayer focusing on cell-cell junction dynamics. This section corresponds to a journal

publication that is currently in preparation:

Escribano, J., Chen, M.B., Moeendarbary, E., Spill F., Garcia-Aznar, J.M. and Kamm
R.D. (2018). Balance of Mechanical Forces Drive Endothelial Gap Formation and Facilitate
Cancer and Immune-Cell Extravasation.

5.1 Introduction

Immune and cancer cells alike are characterized by their ability to travel within the vasculature
and then to leave the vasculature into different tissues. These processes are crucial for a
functioning immune system to fight acute infections [202] or participate in wound healing
[147]. However, chronic inflammation or tumor metastases are ultimately also initiated by
extravasating immune or cancer cells, respectively [82, 136]. Hence, while extravasation
is critical to clear communicable diseases, it is also a critical contributor to virtually all
non-communicable diseases, ranging from cancer to asthma, atherosclerosis, rheumatoid
arthritis and heart diseases [116, 136, 134].
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Much of the research on extravasation, also termed diapedesis, has focused on the role of
the extravasating cell during this process, and how it interacts with the endothelial cells of the
vasculature through which it is transmigrating. First, the extravasating cell needs to adhere to
the vasculature. This adhesion is mediated by molecules including P-and E-selectin, ICAM
or VCAM [7]. Typically, the arrested cells are migrating further on top of the endothelium
before they start the actual process of transmigration, which can occur both through a single
endothelial cell (transcellular extravasation) or, more commonly, in between two or more

endothelial cells (paracellular extravasation) [125].

During paracellular extravasation, it has been investigated how the extravasating cell
signals to the endothelial cells, leading to weakening of VE-cadherin-mediated cell-cell
junctions and subsequently gap formation, through which the cells can transmigrate [14, 160].
Gap formation may, for instance, be stimulated by thrombin [198]. As such, molecular

signaling events are firmly established as important contributors to extravasation.

However, on a fundamental level, all the processes involved in extravasation are mechan-
ical processes. Transmigration, like other forms of cell migration, involves the generation
of mechanical forces through the actomyosin cytoskeleton [30]. Moreover, the mechanical
properties of the endothelium provide passive mechanical resistance [30]. For instance,
increased endothelial cell and junctional stiffness could reduce paracellular extravasation
rates [174, 125]. Interestingly, recent research established that active mechanical properties
of the endothelial cells are also critical during endothelial gap formation [173, 143], and the
rearrangements of cytoskeletal structures are associated with changes in barrier function.
For instance, a rich actin cortex parallel to cell-cell interfaces is associated with stabilized
VE-cadherin junctions and thus tight barriers [10, 56], whereas actomyosin stress fibers
pulling radially on junctions can lead to junctional remodeling [91]. Additionally, actin-rich
pores can actively contract to prevent leakage during extravasation [88]. However, there is
still a lack of understanding of the different roles of active and passive mechanical properties

of the endothelium in the extravasation process.

Mathematical multiscale models are powerful tools to investigate the interplay of differ-
ent physical drivers in biological processes. Many different approaches have been employed
to model and understand the dynamics of epithelial monolayers. Agent-based models, where
individual cells are explicitly taken into account, include center-based models (CBM)[73],
vertex models [117] and deformable models (DFM)[92, 149]. However, these models do

not explicitly model cell-cell adhesion dynamics in a way that leads to the experimentally
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observed gap formation in monolayers of endothelial cells, and thus, they cannot easily be

employed to study this problem so crucial for cancer and immune transmigration.

In this chapter, we introduce a mathematical model to simulate the mechanical behavior
of an endothelial monolayer. Each endothelial cell contains contractile actin structures that
may contract radially or in parallel to the plasma membrane. Then, cells are tethered to
neighboring cells by cell-cell junctions that can dynamically form and break in a force-
dependent manner. We employ this model to investigate the mechanisms of gap formation in
an endothelial monolayer. Interestingly, we find that gaps open dynamically in the absence
of extravasating cells. These gaps are formed preferentially at the vertices where three or
more endothelial cells meet, as opposed to the edges in between two cells. This is in line
with data obtained by our collaborators from quantifying gap formation of monolayers of
HUVEC:s seeded on glass (not published yet). Moreover, we quantify the frequency of
gap openings as well as the duration of gap openings. Then, through multi-dimensional
parameter studies, the model is providing us insights into the physical and molecular driver
of the gap formation and gap dynamics. The model predicts that active forces not only
play an important role in the initial gap formation, but they are also even more important in
controlling gap size and lifetime once they are initially formed. This is due to the catch-slip
bond nature of the cell-cell adhesion complexes as well as the force-dependent reinforcement
of adhesion clusters [113], both of which stabilize junctions in response to forces acting
on them. However, while the catch-slip bonds ultimately weaken when force is increased
beyond the maximal lifetime of a single molecular bond, the force-dependent reinforcement
will always increase adhesion strength with increasing force. Although the slip-catch bond
nature and the force dependence of the adhesion clustering processes both crucially influence
gap opening frequencies, we find that gap lifetime and gap size are even more sensitive to the
passive mechanical properties of the cell. Increased elasticity of the membrane/cortex and,
even more notably, of the actin stress fibers will reduce gap lifetime and size, since the cells

will mechanically resist opening gaps through counteracting forces.

Our model predictions of gap opening frequency and lifetime at both cell vertices
and interfaces correlate with experiments showing such gaps in endothelial monolayers in
the absence of any extravasating cell. Thus, our work challenges the paradigm that the
extravasating cells primarily cause gap opening through interactions with the endothelium.
Experimental observations show that cells indeed primarily extravasate at vertices [26].
In summary, the results presented in this chapter highlights the importance to take into

account the dynamic and autonomous mechanical properties of the endothelium when trying
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to understand gap formation and extravasation as well as when devising new strategies to

overcome the adverse effects of these processes in chronic inflammations or cancer metastasis.

5.2 Computational model of endothelial monolayers

We design a computational model of a cell monolayer. Model contains several cell that are
bound through cell-cell adhesion complex simply referred as cadherins. Each cell contains a
number of radial contractile actin stress fibers modeled by viscoelastic springs and the cell
membrane together with the cortex is also represented by viscoelastic springs (with different
mechanical properties). Therefore,the whole cell is discretized into nodes, which represent
the fundamental degrees of freedom of the resulting network of stress fibers, membrane
elements and cell-cell junctions. Cell membrane is discretized into 7n,,4.; nodes with a
spacing, [, between them. These membrane points are connected to the center by a stress
fiber, which, for the hexagonal geometry shown in Fig. 5.1, are connected by a single node
in the center. The actual model is independent of cellular initial geometry, since cells are
able to dynamically adapt their geometry depending on the forces they bear. Both membrane
and stress fiber bars are considered as viscoelastic elements and they are approximated by
Kelvin-Voigt structures. Nodes dynamics can be expressed in terms of the Langevin equation
assuming that inertial forces have no significant impact on the system and the forces exhibit

inherent randomness, the dynamics of the nodes is described by the Langevin equation [101]:

% = éFi' (5.1)

Here, r; corresponds to the current position of each membrane and cell center node i, &

is the medium drag coefficient, and F; represents the sum of all forces due to active, random

contractions or due to passive mechanical interactions between node i and its neighboring
nodes:

F; = FY/ 4 Fpremb | peodh  pree 4 pse”, (5.2)

F7") s the force due to the membrane and

where, Fl‘f is the force due to radial stress fibers,
cortex, F;” is the repulsion force due to contact between different cells and, F§" is the cell
generated force of the contractile/protrusive element in membrane and stress fibers. Ff“dh is
the force originating through cell-cell adhesions, represented by cadherin in our stochastic

adhesion model described in Section 5.2.2.
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Fig. 5.1 Schematic of the cell model. Cells present an initial hexagonal form, where the
membrane is divided into a discrete number of membrane points. Physically, our membrane
elements connecting the nodes represent the combined lipid bilayer with the actin cortex.
Moreover, the nodes are connected to the center by stress fiber structure. Both of them behave
as a Kelvin-Voigt structure with a contractile/protrusive element but with different properties.
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Fig. 5.2 Different cell forces acting on membrane points and cell center. (A) Force due
to stress fiber structures. (B) Force due to membrane structures. (C) Force due to membrane
bending stiffness. (D) Force due to repulsion between membrane points of different cells.
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5.2.1 Model of passive intracellular mechanics

In this section we introduce the mechanical model for a single cell describing the passive
forces due to the stress fibers and membrane. Both radial stress fibers and tangential mem-
brane/cortex segments are modeled with Kelvin-Voigt elements (Fig. 5.1). For simplicity, we
consider hexagonal cells as a starting point, even though the actual modeling framework is
independent of the cell geometry. Stress fibers connect the node in the center of the cell with
a node on the membrane. Additional to the Kelvin-Voigt force arising due to deformations
in parallel with two membrane points F/"*"”*" (Fig. 5.2B), the membrane/cortex exhibits

bending stiffness resulting in forces due to deformations perpendicular to the membrane,

Fmemb,b

; (Fig 5.2C). The total force on a membrane node due to deformations of neighboring

membrane nodes is thus given by:

memb __ ypmemb kv memb kv memb,b memb.b
B =F 0 g R T F LG (5.3)

where i — 1 and i + 1 are the neighboring points of i, B;_; ; is the angle denoting deviations

from the balance position (Fig. 5.2C). For the forces derived from the Kelvin-Voigt structures,
Fl_nemb.,kv

1

ing nodes indicated in the sub-index (i — 1 or i + 1, i). (F;"emb’b) is the bending stiffness

and F‘;f *the direction corresponds to the vector Kk formed by the correspond-

component:

‘F?l—‘lr’,lzbbl = Kpend - (Bi—l,i - ﬁtgl,i)7 (5.4)

where the direction of the force is perpendicular to K (unit vector of the membrane segment),

d;_1, is the distance between the two points and K}, is the bending stiffness constant.

Kelvin-Voigt structures consist of a parallel arrangement of a purely elastic spring and a

purely viscous damper:
de(r)
dt

where E is the elastic modulus, A is the area of the section and 1) is the viscosity of the

F(r) = EAg(r)+ An, (5.5)

material (membrane or stress fiber). Forces are implemented for both stress fibers and
membrane structures as:
F = [Kyp (1, — 1) = nypva) - K, (5.6)

F:nemh.,kv _ [Kmemb(ln _ 12) _ nmembvn] .E’ (5.7)
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where Ky and K. are the stiffness of stress fiber and membrane and 7;¢ and 1¢p are
the drag coefficients of stress fibers and membrane bar. n is the bar that bind the point i and
i — 1 which could correspond to a stress fiber or a membrane bar. [, is the current length of
the bar and [0 is the rest length. v,, corresponds to the velocity at which the bar is varying its

length and K is the unit vector in the bar direction.

A repulsion force is included to avoid different cells from occupying the same space at
the same time. This force occurs when two membrane points of two different cells are within
a certain distance range (L,.p). The magnitude of this force grows with the distance between
two membrane points, i and z of different cells (Fig. 5.2D):

—

F{fzp =Krep (Lyep —diz) . (5.8)

Here, K. is a constant parameter, d; ; is the distance between the two membrane points
of a different cell and L., is the maximum distance at which repulsion is applied. The
direction of the force, j, is the unit vector in the opposite direction of the straight line that
binds both points (i and z), as explained in (Fig. 5.2D).

5.2.2 Model of cell-cell adhesions

Endothelial cells are mechanically coupled to neighboring cells through cell-cell adhesions.
VE-Cadherin is the major protein in endothelial cell adherent junctions and it is known to
cluster on the membrane [91]. We assume that each membrane point is a binding site for
cadherin clusters. Cadherin clusters thus connect two membrane points of two different
cells. In order to model their mechanical behavior, we assume that the cadherin clusters are

connected as linear springs, that is,

|Ffadh| = |F§adh‘ = Keadn - (di,z - L(c)adh)' (5.9)

Here, d; ; is the distance between the points that the cadherin cluster binds (i and z),
K. .qn 1s the stiffness constant for the cadherin cluster and L?,a 4 18 the cadherin equilibrium
length. The direction of the force corresponds to the vector formed by the two points of the
cadherin i and z. From now on, we refer to the cadherin cluster that binds points i and z with
the subindex p.

The probability of binding two membrane points depends on the distance between them

by means of the following rate:
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di; . imi
0 iz limit
kon *Pcadh * (1 - Liimg ) if Lbind < 0’
N

kbind,p = (5.10)
0 if Llimit > 0,

where k9, is the binding rate constant, leil.’,’l’g is the maximal distance at which a cadherin
could bind, and p,4;, is the cadherin density available for binding in the monolayer. In this

equation, the probability is based on distance and we only employ it for initial binding.

A reinforcement event is also included in the cell-cell junctions in order to strengthen the
adhesion between different cells. It is known that VE-Cadherins recruit vinculin to prevent
junction from opening during force-dependent remodeling [91]. Here we include force

dependent reinforcement by designing each discrete union as a conglomerate of individual

cadherins. Each conglomerate can contain several cadherins up to a maximum value n’r’z‘,‘;f
Depending on the current number of single cadherins in each clutch, 7, r, the resulting

stiffness of the spring may change in a linear way:
Kp = tyeing - Koans (5.11)

where K?a i 18 the stiffness for a single cadherin.
Once a union is formed (following equation 5.10), the number of single cadherins in a
clutch can vary stochastically following a force dependent law:

dh
)vreinf - F;a '

k;)einf “Peadh (1 _ ) if F;‘adh < Flimit

lrein f reinf?
kreinf,p = ’ (5.12)
0 if Fgedh > Flimi,
where k7,;, ) is the binding rate constant for the reinforcement and A,;;, 7 18 a force constant for

adjusting the reinforcement curve. Frle‘;’;l; is a force threshold to stop applying reinforcement.
This threshold is set to ensure that, at high forces rates, unbinding is predominant over
binding. This value is considerably higher than the peak of stability of the catch bond
considered to model unbinding to ensure that this happens when unbinding rate is already

high.

Unbinding is modeled as a catch-slip bond law [141]:

kup p = k- exp(Pe — @) + kY - exp(® — D), (5.13)
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where 0 = |Flf“dh\ /F* and ®,, ®; are the parameters of the catch and slip bond regimes
respectively. F* is used to normalize the force, \Flf‘“’h| is the modulus of the current force for
the specific cadherin and & and k¥ are the unbinding rate at zero force for the catch and slip

curves respectively.

Each time that a reinforcement process occurs n.;, ¢ is increased by one and each time

an unbinding event occurs 7., is decreased by one.

5.2.3 Cell generated forces

Cell generated forces are the responsible of cell adhesion rupture. These forces correpond
myo
i

forces (F/"”"), generated by actin polymerization and cell outward directed. Thus,

to myosin forces (F;~"), acting in the stress fibers and the cortex membrane, and protrusive

F§" = /7 4 FI' (5.14)

Myosin forces are the result of the combination of two types of forces. First one is
radial contraction which is generated by the myosin activity in the stress fibers and it has
a radial direction. The second one is tangential forces that occur due to contractions of
the cortical actin filaments and are directed parallel to the membrane. Both forces have a
magnitude of Fg'%" , and FZ  for each stress fiber and membrane segment respectively.

Both types of forces are not homogeneously distributed throughout all the stress fibers and
membrane segments of the cell and are not acting during the whole simulation time. Spatial

Force
Cortex’

Force

distribution of the forces is controlled by ng?7¢, and n which represents the number of

consecutive stress fibers or membrane segments respectively that has the same force. Each

Force

one of this set of segments has a probability of activating the force of p527¢¢ and pforee .

Depending on this probability, the force for each segment of the different sets could be the
magnitude indicated by Fg'% , or a baseline contraction of a random number between [0,
0.1-Fgi% 1] for the radial force case. For cortex force, depending on the probability value,
the force could be the magnitude indicated by F7, . or it could be zero. This probability
is calculated for each of the stress fibers and membrane sets every given time indicated by
tgsg‘lfgl and tggﬁf:x These values indicate the time between each activation force probability is
recalculated (see Fig. 5.3A and B). When, following previous explanation, there is a change
in the force for stress fiber or membrane segment, force does not change abruptly in one

time step. Force magnitude changes linearly in time from the previous value to the new one

Force

in a given total time, t70 "% .

In this way, cell forces are not homogeneously distributed
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in time and space. Vasoactive agents like thrombin increase intracellular levels of Ca+2
leading to myosin activation [198]. This induces rapid changes in traction forces, leading to
heterogeneously force distribution which causes the formation of inter-cellular gaps.

Protrusive forces are caused due to cell polymerization at the leading edge. They are

modeled exactly the same as the radial forces but in the opposite direction (outward the cell)

and with its own parameters (n527¢, pEoree and t£ore) (see Fig. 5.3C).

force ' force
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Fig. 5.3 Cell generated forces. (A) and (B) correspond to myosin forces: Radial force and
Cortex force respectively. (C) Protrusive forces.

5.2.4 Actin remodeling

Our model incorporates the dynamical remodeling of stress fibers. This can be done due
to the polymerization of existing fibers, leading to protrusions, or the shrinking of existing
fibers due to severing or buckling and the subsequent breakage. For simplicity, we do not

consider total depolymerization of a fiber or de novo polymerization of new fibers in response
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to nucleation. Moreover, we assume that the total amount of F-actin is conserved, i.e. the

G-actin available after depolymerization is assumed to quickly polymerize in other fibers.

We describe the remodeling of the stress fibers through a change in the rest length of
the spring in the Kelvin-Voigt element. Stress fibers dynamically remodel by adapting their

balance length to their current length at a certain velocity:

Lg = v;emodel = Kremodel * (Ls - L(S))7 (5.15)

where s is the index of the stress fiber, L, is the current length of the stress fiber, L? is the
current balance rest length of the stress fiber and K047 1S @ constant describing the rate of

length adaptation.

Since we assume total conservation of actin, we maintain constant the total length of

the fibers, that is:
S

Z L? = const, (5.16)

s=1
where S is the total number stress fibers in a cell. In order to fulfill this equation, length

balance of all the stress fiber in a cell is modified in a proportional way (see Fig. 5.4).

5.2.5 Gap formation

Gaps are formed between the cell’s membranes as a consequence of the cadherin bond
rupture. They are limited by the membrane and bound cadherins (see Fig. 5.5). We only
quantify the gaps generated around the cell in the center of the monolayer. The minimum
area to consider the formation of a gap is Agapr. When the gap area drops below a threshold
Agapc, that area is no longer considered as a gap. We differentiate between gaps formed at a

two cell interface and gaps formed in the vertex shared by three or more cells.
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Fig. 5.4 Stress fiber remodeling. Due to myosin contractility a change in the rest length of
the stress fiber occurs. This change in rest length is compensated by all the stress fibers in a
proportional way.
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Fig. 5.5 Paracellular gap. Gap (grey) is delimited by the cell membrane (green) and the
cadherins binding the cell (blue). Red: cell stress fibers. Black dots: Membrane points
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5.3 Implementation

The cell monolayer is formed by placing cell interfaces at a fixed initial distance in a way
that the whole monolayer has a rhombus geometry. The monolayer is fully bound at its initial
state and cells present a hexagonal form in such a way that the distance between them is the
same throughout the whole monolayer (see Fig. 5.6). Initial configuration is at balance; when
simulation starts, membrane points at the edge of the monolayer are encastred so that limits
of the monolayer are fixed. The aim of the simulation is to study the mechanisms behind
gap formation. For that matter, we focus on the gaps that are formed around the cell in the

center of the monolayer and in that way avoid the influence of the boundary conditions. The

.
g
wreieiels

-

A

Fig. 5.6 Initial state of the monolayer. (A) Cells with a hexagonal form are in a rest state
and fully bound with their neighboring cells. Cell membrane (green), stress fibers (red),
cadherin complexes (blue), membrane points (black). (B) Boundary conditions: Points in
the border of the monolayer (red) are fixed and act as a wall. In blue are membrane points,
where cadherin adheres and the cell centers.
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Actions performed during each simulation step are as follow:

1- Check Binding: First we analyze the position between membrane points of different
cells and see if a new union is formed (equation 5.10). At the same time, we analyze
reinforcement of cadherins that are already bound to check if the adhesion becomes more
stable (5.12).

2- Point displacement: We analyze the force balance in each node ,i of the system and

update their position. Forces considered are detailed in equation 5.2.

3- Stress fiber remodeling: Based on the new positions the new rest length of the

different stress fibers is calculated (equation 5.16).

4- Check unbinding: We update cadherin force and check unbinding phenomenon in

each cadherin cluster following equation 5.13.

5- Gap formation: We analyze the new gaps that have been formed and update the

position, size and lifetime of the ones that are already bound.

Table 5.1 Model parameters used in the simulation.

Parameter Symbol  Value Source
Medium drag coefficient & 7.709-107* (kg/s) [149]
Membrane stiffness Kpempy ~ 2.5-1073 (kg/s*)  [57]

Stress fiber stiffness Ky 1.25-107% (kg/s*)  [149]
Bending stiffness constant Kpena 2.2-10717 (Nm) [57]
Membrane viscosity Nmemp ~ 3.709-1073 (kg/s)  [57]

Stress fiber viscosity Nsf 3.709-1073 (kg/s) [57]

Force to normalize parameters F* 0.008 (nN) Adjusted
in unbinding law from [146]
Non-dimensionalized force of D, 0.01 Adjusted
catch curve in unbinding law from [146]
Non-dimensionalized force of (N 4 Adjusted
slip curve in unbinding law from [146]

Unbinding cadherin rate for minimum k% 0.23s7! Adjusted
force for catch curve from [146]
Unbinding cadherin rate for minimum k¥ 0.23 57! Adjusted
force for slip curve from [146]
Binding rate for cadherin o 15.3 Adjusted from
at maximum distance (um?/(mol - s)) unbinding law
Binding rate for cadherin K. 7 11.5 Adjusted from
reinforcement at zero force (um?/(mol - s)) unbinding law
Cadherin density Peadh 21 (mol /um?) [35]
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Parameter Symbol  Value Source
Limit distance for cadherin binding LZ;ZZ 0.95 (um) Estimated
Constant for reinforcement curve reinf 10 nN) Estimated
Force threshold to stop Frl(fﬁ’; 0.06 (nN) Adjusted from
applying reinforcement ‘ unbinding law
Single cadherin stiffness constant Kfa dh 2-10* (kg/s) Estimated
Cadherin equilibrium length Lga dh 0.1 (um) [42]
Maximum number of cadherins nex 8 Estimated
per clutch

Maximum force due to Frudial 0.775 (nN) Adjusted
radial contraction from [157]
Maximum force due to Foortex 0.025 (nN) [87]
cortical tension

Maximum force due to protrusion Fpror 0.14 (nN) Estimated
Force recalculation time tgggj.';, 25 min Estimated
for radial force

Force recalculation time tggft‘jx 25 min Estimated
for cortical force

Force recalculation time t,fforfe 25 min Estimated
for protrusive force

Force transition time Lorce . 2min Estimated
Number of nodes with nkoree, Estimated
similar radial force

Number of nodes with ng%gx 10 Estimated
similar cortical force

Number of nodes with similar nkorce 20 Estimated
force for protrusive forces

Force activation probability ng:iciZl 0.01 Estimated
for radial force

Force activation probability ploree 0.01 Estimated
for cortical force

Force activation probability phorce 0.1 Estimated
for protrusive force

Constant for repulsion Krep 1073 (kg/ s2)  Estimated
Maximum distance Lyep 0.05 (um) Estimated
to apply repulsion

Remodel rate constant Kremodel 0.025s7! Estimated
Hexagon side length Lnexagon 25(um) Estimated
Distance between membrane points [, 625(nm) Estimated
Minimum area for gap formation AgarF 2(um?) Estimated
Area for gap closing Agarc 1.5(um?) Estimated
Time step At 1.26(s)
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5.3.1 Parameter Justification

Parameters for the unbinding law are adjusted to match data from [146] where distributions of
forces required to break single VE-cadherin/VE-cadherin bonds in HUVECs were measured.
Binding and binding reinforcement values have been adjusted accordingly to the unbinding
rates; at low loading rates binding and unbinding rates are within the same range and which
one is higher depends on the binding distance or force, respectively. For intermedium
load rates binding is predominant due to reinforcement phenomenon. For high load rates
unbinding is predominant. Radial forces in the monolayer are within values reported by
[157]. For protrusive forces, we have selected values lower than the ones chosen for radial
forces. Geometrical parameters of the model are estimated based on experimental images
and cadherin geometrical values are extracted from [42]. Stress fiber stiffness corresponds to
the value used in the model for cytoskeleton stiffness in epithelial cells introduced in [149].
Membrane stiffness is within the range of values reported for two neighboring membrane
ring segments in [57] and similar to measurements of cellular cortex stiffness in endothelial
cells [80]. Membrane and stress fiber viscosities are within one order of magnitude of
values reported for viscous drag coefficient for filament shrinkage [57]. Value for the bending
stiffness is within one order of magnitude of values reported by [57]. Medium drag coefficient
is also within one order of magnitude of values used in another model for epithelial cell
monolayers [149]. Typical values reported for cortical tension are 400pN /um [179] if we
assume that membrane thickness is 50nm we have force values around 20pN which are

considerably smaller than contraction forces.

5.4 Results

We employ our endothelial monolayer model to explore the dynamics of endothelial cell
junctions. We predict the frequency, size and duration of gaps, as well as the preferred
geometrical locations of the gap formation. These results are in line with experimental results
made by our collaborators that are not published yet. The parameters used in the simulations
are detailed in Table 5.1. Moreover, we perform sensitivity analyses to investigate how cell
mechanical properties, cell-cell adhesion characteristics and myosin generated forces regulate

the formation, lifetime and size of gaps in the endothelium.
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5.4.1 Gaps open preferentially at vertices

Figure 5.7A and B show typical simulations of the monolayer dynamics obtained by using
the computational model. We observe that gaps open preferentially at vertices, i.e. the
intersections of three or more cells, as opposed to the edges between two cells. We have
quantified this behavior by counting the total number of gaps formed at edges and vertices
of the cell in the center of the monolayer (see Fig. 5.7 C). Vertices are points where more
than two cells exert forces and where tangential force components naturally propagate to.
Therefore, it is expected that stress concentrates at the three cell vertex rather than at the two
cells interfaces, and the simulations confirm this hypothesis (see Fig. S5.1). The forces on
cadherin clusters at the vertices are thus more likely to exceed the corresponding force of
maximal lifetime of the bonds, as will be discussed in more detail below.
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Fig. 5.7 Endothelial Gaps open preferentially at vertices. (A, B) Simulation of endothelial
monolayer. Cell membrane corresponds to green lines. Cell body are represented in red
(stress fibers composing the cell in darker red). A detected gap is coloured in dark purple.
(A) A gap at a vertex. (B) A gap at the cell edge. (C) Quantification of the number of gaps at
vertices or two cell interfaces, respectively, observed at a given time. Quantification of the
lifetime (D) and size (E) of gaps at vertices or two cell interfaces.
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5.4.2 Mechanical properties of cadherin adhesions and intracellular
forces dictate endothelial gap opening frequency

We study how variations in the mechanical properties of the cells, the cadherin adhesions or
force variations affect the rate of gap formation. Fig. 5.8A,B shows how passive mechanical
properties of the cell affect both the frequency (Fig. 5.8A) and the location of the gap
openings (Fig. 5.8B). Increasing stiffness of either the membrane or the stress fibers provokes
a decrement of the gap generation frequency (Fig. 5.8A). This is intuitive, since increasing
stiffness stabilizes the movements of cells and makes the monolayer less dynamic. On the
other hand, the location of the gap openings (i.e. whether they occur at a vertex or interface)
is less affected by membrane stiffness, but very stiff stress fibers prevent gaps from opening
at the interfaces (Fig. 5.8B).

Interestingly, bending stiffness induces gap generation up to a maximum point. Above
that stiffness, gaps start to appear less frequently (Fig. 5.8A). For small to intermediate
bending stiffness, the frequency of gap openings increases, since bending stiffness is critical
for effective force propagation between neighboring adhesion sites at vertices. When a
single adhesion complex ruptures, bending stiffness leads to increased forces on neighboring
adhesions. After a peak in gap opening frequency at intermediate bending stiffness, a drop in
the gap formation is observed for higher bending stiffness. This is caused by the resulting
stabilization of the existing gaps at vertices. This high bending stiffness opposes sharp
corners of the membrane at vertices and thus favors stable gaps that are permanently open,
implying no new gaps are formed. On the other hand, at cell interfaces, a high bending
stiffness implies that if a single adhesion cluster is ruptured, the forces on it are redistributed

across many neighboring adhesion sites and this stabilizes the interfaces (Fig. 5.8B).

Turning to the role of cadherin properties, our model shows that as the cadherins
become more stable, gaps open less frequently 5.8C. To increase cell-cell adhesion stability,
we increase the mechanical stiffness of individual cadherins, or the density of avilable
cadherins for binding. These results are in line with previous experimental work [125], which
reported that more stable cell-cell adhesion result in less transmigrating cells. Figure 5.8D
shows that as the cell-cell adhesion become more stable, gaps are more likely to be generated
at the vertices. While the total number of gaps at either vertex or interface decreases with
increasing cadherin stiffness or cadherin density available for binding, we see that there are
no significant differences between gaps generated at the vertex and gaps generated at the

interfaces.
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Fig. 5.8E and F show the impact of the cortical and radial forces, where the total force is
kept constant (when the radial force decreases, the cortical force is incremented by the same
magnitude). This is biologically relevant since cells are known to shift their cytoskeletal
compartments in a context dependent manner [188]. In fact, cell monolayers subjected to
shear flow have been reported to increase cortical actin while decreasing stress fibers [125].
Endothelial cells in particular, are known to exhibit both radial and tangential stress fibers
with a vastly different effect on gap opening dynamics [143]. As the force shifts from radial
to cortical forces, gap formation slightly fluctuates with a final increment (Fig. 5.8E) and
the gaps, clearly, tend to localize more at the vertices (Fig. 5.8F) since contractions parallel
to the membrane result in force concentrations at the vertices. For very high cortex forces,
the typical stresses on adhesion clusters at the vertices may thus be higher than the force
where the lifetime of catch-slip bonds peaks ( Fig. S5.2), explaining the small increase in the
number of gaps formed (Fig. 5.8E). On the other hand, we will later show that these gaps
formed at high cortical forces are typically small and have a short lifetime, limiting their

potential for extravasation (see Figs. 5.10 E, F).
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Fig. 5.8 Cell and cell-cell junctions mechanical properties dictate gap opening dynam-
ics. The first column corresponds to the total number of gaps generated compared to the
reference case. The second column shows the ratio between gaps occurring at a two cell
interface and gaps originated at a three cell vertex. First row (A and B) shows results varying
cell mechanical properties such as stress fiber, membrane and bending stiffness. In the second
row (C and D) properties of cell-cell junction are changed: stiffness and cadherin density
(which affects the binding probability). Third row (E and F) shows results for increasing
cortical force, keeping the total force constant. Results are the average value of a sample
with n = 30 and error bars correspond to standard error.

To take into account that molecular or physical perturbations may simultaneously affect
multiple parameters, we now study how variations of two of these parameters at the same

time may influence the monolayer integrity and the localization of the gap formation. In Fig.
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5.9A we observe how variations in the membrane and stress fiber stiffness have a similar
effect on the gap opening frequency, in line with Fig. 5.8 A. However the effect of the stress
fiber stiffness is clearly predominant over the membrane effect. Interestingly, the combined
effect of increasing membrane and stress fiber stiffness is synergistic in suppressing gap
formation, due to synergies in stabilizing the overall dynamic movements of the cells that is
sensitive to the weakest components. Moreover, the ratio of the gap opening frequency at the
interface to vertex indicates a regime with a high ratio for intermediate stress fiber stiffness,

whereas the ratio increases monotonically with the membrane stiffness (Fig. 5.9B).

Figs. 5.9C and D shows the impact of varying cadherin stiffness and cadherin density
available for binding. We see how both parameters have a similar effect on gap opening,
although it appears that for high values of adhesion complex stiffness, adhesion complex
density has a less significant impact on the system. This could indicate that for high adhesion
stiffness a plateau of maximal stability is reached. We also observe that adhesion cadherin

density barely influence the localization of the gaps 5.9D.

In Figs. 5.9E and F we show the role of cortex and radial forces, thus not keeping total
force fixed as in Figs. 5.8E,F. Interestingly, we see that total force is what mainly drives
gap opening frequency (Fig. 5.9E) whereas radial force mainly drives gap opening location,
with higher radial force resulting in proportionally more gaps at the interface. This is, as we
argued before, cortical forces naturally propagate to and thus accumulate at the vertices, so

radial forces are necessary for gaps at the interfaces.
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Fig. 5.9 Effect of two parameter variation on gap opening frequency. The first column
corresponds to the number of total gaps generated compared to the reference case. The
second column shows the ratio of gaps that occur at a two cell interface divided by the gaps
that originate at a three cell vertex. First row (A and B) shows results varying membrane and
stress fiber stiffness. In the second row (C and D) properties of cell-cell junction are changed:
cadherin stiffness versus cadherin density (binding rate). Third row (E and F) shows results
for varying cortical and radial force. Results are the average value of a sample with n = 30

5.4.3 Passive cell-mechanical properties limit endothelial gap lifetime

and size

The lifetime and size of a gap are physical parameters that may also limit a cancer or immune
cell’s potential to extravasate through the monolayer. Here, we show how the lifetime and

size of a gap are also influenced by cell mechanical and junction properties, without the
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presence of extravasating cells (Fig. 5.10). We observe that membrane stiffness has a
marginal influence on the life of the gap whereas increasing stress fiber stiffness clearly
reduces the time that a gap is open and the gap size (Fig. 5.10A and B). Indeed, higher stress
fiber stiffness will result in mechanical resistance to an opening gap and thus inhibit the
propagation of the defect in the cell-cell junctions, leading to a stabilization of the gaps. The
dominance of stress fiber stiffness over membrane stiffness in regulating lifetime remains
valid in a broad range of parameter space (Fig. 5.11A). On the other hand, the regulation of
size is dominated by stress fiber stiffness only in the regime of high stiffness, whereas for
low stress fiber stiffness we see that membrane stiffness has a comparable effect (Fig. 5.11B).
Interestingly, bending stiffness critically increases the lifetime of the gaps while slightly
decreasing their size. Increasing bending stiffness may increase gap lifetime (Fig. 5.10A).
This is because higher bending stiffness will resist deviations from straight membranes. Thus,
at straight interfaces, higher bending stiffness will resist gap openings whereas at pointed
vertices, cells are less likely to adapt their shape in order to close the gaps.

Figs. 5.10C and 5.11C shows that cadherin stiffness and density at low values do not
have a big impact on lifetime, however as they increase, lifetime starts to clearly decreases.
Both stiffness and density have a similar effect since the total stiffness of a bond depends on
both density and single bond stiffness. The maximum is due to two competing mechanisms:
higher cadherin stiffness lead to higher forces on the bonds, which may stabilize or destabilize
the bond depending on weather the force is lower or higher than the peak of the catch-slip
bond lifetime (Supplementary Fig. S5.2). On the other hand, higher cadherin stiffness leads
to more passive mechanical resistance to gap openings, and this effect dominates for high
stiffness. For the gap size, the stabilizing effect of both adhesion complex stiffness and
density dominates and leads to a reduction in gap size (Figs. 5.10D and 5.11D). However,
the effect of increasing density is stronger than that of increasing stiffness, suggesting that
cadherin density available for binding is more important in avoiding the gap propagation

(once the gap is opened) and it also helps in the gap closing process.

Earlier, we have shown that a shift in the force (from radial to cortical) produces an
increment in gap formation (Fig. 5.8E). Fig. 5.10E and F show that this shift in the force
critically reduces gap lifetime and size. This indicates that, although the frequency of opening
is increased, these gaps are smaller and last shorter in time which may reduce paracellular
extravasation, as suggested in previous experimental work [125]. Combined changes of
cortical and radial force show that although both kind of forces are needed to increases gap
size and lifetime, radial force impact is clearly predominant over cortex force (Figs. 5.11E
and F). This intuitive, since radial forces clearly separate cells interfaces generating bigger
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gaps and harder to close, whereas cortical forces distribute forces to vertex regions stabilizing

the interfaces. This does not provoke large cell deformations which reflects in the low impact

on the gap size and lifetime observed.
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Fig. 5.10 Cell mechanics and cell-cell junctions properties dictate lifetime and size of
gaps. Average lifetime of gaps ratio (divided by control case) in the left column and average
size in the right column. A, B: Impact of the membrane, stress fiber and bending stiffness. C,
D: Impact of cadherin properties: cadherin stiffness and density (which affects the binding
probability). E, F: Increasing cortical force, keeping the total force constant. Results are the
average value of a sample with n = 30 and error bars correspond to standard error.
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Fig. 5.11 Effect of two parameter variation on gap lifetime and size. The first column
corresponds to average lifetime and the second column corresponds to gap size. First row
(A and B) shows results varying membrane and stress fiber stiffness. In the second row (C
and D) properties of cell-cell junction are changed: cadherin stiffness versus catch bond
unbinding constant. Third row (E and F) shows results for varying cortical and radial force.
Results are the average value of a sample with n = 30.

5.4.4 Force fluctuations regulate gap opening dynamics

We have shown that both the magnitude of forces and the cytoskeletal compartment that
generates the forces (stress fibers or cortex) affect gap opening frequency, size and and
lifetime. Besides these broad compartments, many other biological and physical parameters

affect how forces ultimately act on cell-cell junctions: Forces may act in a directed manner



120 Balance of mechanical forces drive endothelial gap formation

due to larger parallel actin bundles and synchronous myosin activation, e.g. initiated through
waves of activators [198]), or may act more random in branched networks. We do test such
scenarios through parameters that affect the transition time when forces change (£:7<¢, . ),
through spatial force distributions and through the velocity at which forces are modified. In
Fig. 5.12A we observe how increasing the force transition time £, . slowly reduces the
gap opening. This is due to the fact that a slower, persistent application of forces leads to a
redistribution of the forces through rearrangement and remodeling of the cell. It is consistent
with experimental works that showed that force fluctuation influence gap opening dynamics

[198].

Then, distributing the same radial forces over several adjacent stress fibers reduces
gap opening frequency (Fig. 5.12B). More spatially distributed forces are less capable of
damaging cell-cell junctions than localized peak forces, since such high peak forces are

required to overcome the catch-slip bond maximal lifetime.

Next we observe the effect of force persistence in time. We vary the force recalculation
time parameter (equally for all forces) in Fig. 5.12C. Results show that the time that forces
are applied does not have a big influence on gap formation. This suggests that cells are able
to adapt to forces in longer time scales and therefore it is not the time that forces are applied

what regulates gap formation but force fluctuations as suggested above.
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Fig. 5.12 Effect of force application on total gap opening frequency. (A) Total gap
opening frequency depending on the time for the force transition. Longer time means
smoother force changes. (B) Total gap opening frequency depending on the number of stress
fibers at which the same force is distributed. (C) Variation in force fluctuation time for all
types of forces considered in the model. Results are the average value of a sample with
n = 30 and error bars correspond to standard error

5.4.5 Catch-slip bonds facilitate regimes of maximal endothelial stabil-
ity

In Fig. 5.13A, we show the impact of varying the catch-bond unbinding parameter k¥ that
shifts the location of the peak of maximal lifetime of a single catch-slip bond, while we
maintain the actual maximum value through simultaneously shifting the slip-bond unbinding
parameter kX (Eqn. 5.13 and Fig. S5.2). We observe that for a pure slip bond (corresponding
to k? = 0), gaps occur at a higher rates than for small nonzero values of k?. Increasing k?
further leads to a minimum in gap opening frequency, from which the frequency increases
again. This minimum corresponds to a maximum of stability, where forces on the adhesions

are similar in magnitude to the peak of stability of the catch-slip bond. Consequently, shifting
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the location of that peak even further towards higher forces (by increasing k? even further)
means we destabilize the catch-slip bonds again. Note that the gap lifetime and size of
gaps are much less influenced by the location of the catch-slip bond maximum than the gap

opening frequency.

In Supplementary Fig. S5.3, we show histograms of the forces on adhesions comparing
the number of bound clutches, the number of unbinding events at each cluster, and the ratio
of unbound to total bonds for slip bonds (k? = 0) to the catch-slip bond with reference values
(kY = 0.2357!). We see that adhesions in the catch-slip bond case bear and disengage at
higher forces than for the slip bond case, confirming that the typical forces on bonds are of
such magnitude that the catch-slip bond nature stabilizes the junctions. Obviously, shifting to

even higher values of kY would result in the unbinding of most bonds (not shown).

In Fig. 5.13B,D,F, we modify the reinforcement binding rate k?einf to check the influence
of the reinforcement. This is different from the previous analysis where the adhesion complex
density available for binding was changed, since now the binding probability based on
distance is not affected (equation 5.12). However, we see the same trend of increasing
stability with increasing k?emf (Fig. 5.13B), in line with the result obtained from varying
cadherin density (Fig. 5.8C), suggesting that binding is mainly regulated by this reinforcement
process. Similar to the catch/slip bond, we see that cadherin reinforcement is less important

in determining gap size or lifetime (Figs. 5.13D,F) than in regulating gap opening frequency.
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to standard error.
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5.4.6 Cell monolayer stability

Fig. 5.14 summarized some of our key conclusions: By comparing our reference case with
extreme variations of very low stress fibers or membrane stiffness (more than one order
of magnitude of the reference case), we see that these passive mechanical properties only
slightly increase gap opening frequency (Fig. 5.14A). On the other hand, the lifetime and
size of gaps increases significantly, since the softer cells are more likely to deform and adapt
in response to the opened gap (Fig. 5.14B,C). In contrast, properties of the cell-cell adhesions
affect the frequency of the gap openings, but less so their lifetime or size. Indeed, changing
the catch-slip bond to a pure slip bond, or decreasing the density of adhesion bonds, likewise
strongly increase the frequency of forming gaps (Fig. 5.14A) while only marginally affecting
the size or lifetime of the gaps (Figs. 5.14B,C). This data thus summarizes our biological
model where adhesion properties control the initial formation of gaps, while cell mechanical

properties are critical in limiting the size and duration of opened gaps.

A s B

o 4 4

o= =

£33 235

223 529

& Q 3¢

o= =

o 2 %% 2r

§c °c

© 7y 1

0 " 0 -
Variables Variables

C 20 Legend

-st
-Kmemb

-Cadherin density|

(%)

Gap Size
(Relative to Ctrl)
)

0

Variables

Fig. 5.14 Effect of critical variation in key parameters. Values for different parameters
are highly modified to get extreme behaviors. Stiffness (Kyr =2.5- 1077 (kg/ s2)), membrane
stiffness (Kyemy = 5- 1070 (kg/s%)) and cadherin density (pqqn = 0.21 (mol/um?)). Un-
binding law is modified to show slip bond behavior (k? =0and kg =3.5). (A) Gap opening
frequency. (B) Average lifetime of the gaps. (C) Average size of the gaps. Results are the
average value of a sample with n = 30 and error bars correspond to standard error.
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5.5 Discussion

Extravasation is a multistage process, involving the adhesion of extravasating cells to the
endothelium, the transmigration through endothelial gaps and the subsequent invasion of
the underlying tissue [187]. Some works have shown intricate molecular factors that tumor
or immune cells use to signal to the endothelium, enabling gap formation, here we provide
evidence that the highly dynamic nature of the endothelium may play an active role in this
process. We show that the endothelium dynamically generates gaps without the presence of

extravasating cells, and these preferentially occur at the vertices.

The analysis made in this chapter has let us identify how the gap opening process occurs
and how different cell or cell-cell adhesion properties influence it. By studying how gaps
initially open, grow, stabilize and finally close, we identify which properties are important
at each stage. Initial break in the cadherins binding the cells occurs as a consequence of
the balance between the effect of unbinding and binding laws. When a bond ruptures, the
force on that bond will be redistributed on neighboring bonds. The resulting higher force on
neighboring bonds provokes the reinforcement of that bond due to the catch-bond nature, and
the force-dependent cadherin clustering, leading to further active stabilization of the bonds.
For the initial gap opening, a sufficiently large myosin-generated force fluctuation is thus
required to provoke breakage of the union. When a region with broken adhesions appears,
cell deformation starts to increase. this deformation is a consequence of the mechanical
balance between the force applied and the mechanical properties of the cell. If cells are very
stiff, deformation is going to be small, and therefore, the gap is not going to be able to grow.
Thus, high stiffness could lead to a fast closure of the gap. If the cell is softer, the gap might
grow, until the stress and the mechanical properties of the cell are balanced. As the force
fluctuation disappears, the cell starts to close the gap. When the cell has recovered from the
deformation caused by the force fluctuation and the membranes of two different cells are

close enough, the gap finally closes.

The results presented in this chapter are consistent with previous experiments: it was
observed that an increment in cell-cell junction integrity leads to less paracellular transmi-
gration [125] and an increment of the stiffness and density of cadherins lead to less gap
generation. Moreover, it is shown that changes in actin activity from the cell body to the
cortex compartments resulted in higher cell-cell junction integrity and, therefore, provoked a
reduction in paracellular transmigration [125]. Here, we show how a shift in contractile force

from the stress fibers to the cortex results in much smaller and unstable gaps. We have also
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shown that heterogeneous peak force fluctuations are crucial for gap generation. This was

also in line with previous experimental observations [198].

Microvasculature is a 3D object where vessels are strongly curved and exposed to shear
stresses due to the flow. That, in turn, may be affected by extravasating cells that may obstruct
blood flow. Modeling of epithelial sheets in 3D has proved challenging, with some recent
interesting progress after decades of mainly focusing on epithelial monolayers. Given these
challenges, it was paramount to establish a 2D model of an endothelial monolayer to conduct
new predictions about gap formation, which plays a critical role during cancer and inmune

extravasation.
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Suplementary Information

Fig. S5.1: Stress accumulates at the the vertex. This stress distribution promotes cell-cell
junction failure and consequently the gap opening in the vertex positions. Color map indicates

the force at the cell-cell junctions.
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Chapter

Summary, conclusions and future

work

In this chapter, we present a brief summary and the general conclusions of this thesis. In
addition, we propose some lines for further research as a continuation of the work started in

this thesis.

6.1 Summary

According to the main objectives mentioned in the first chapter of this thesis, we have
developed four different computational models to investigate both cell-cell and cell-ECM

interactions and to analyze the role these interactions play in different biological processes.

In Chapter 2, we have proposed a discrete computational model to simulate cell-ECM
adhesions in flat substrates during filopodium retraction. This model includes an actin
filament, adhesive proteins and an extracellular matrix with a spatial distribution of binding
sites known as ligands. The actin filament is simulated as a rigid bar and the substrate
and adhesive proteins (adhesion complexes) as deformable bars. The adhesive proteins can
dynamically bind, unbind and unfold in a force-dependent manner. They bind actin monomers
in the actin filament and the ligands in the substrate. Brownian dynamics are used to reproduce

the free movement of the adhesion proteins in the medium when they are completely free.
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We analyze how different mechanical properties of the substrate influence force transmission,
actin velocity, and adhesion size. We expand the model in the Supplementary Information

and add the possibility of simulating adhesion force reinforcement phenomenon.

In the third chapter, we adapt the model introduced in Chapter 2 to simulate how
filopodia pull from a three-dimensional fiber. Actin filament and adhesion complexes approx-
imations are simulated with the models described there. However, the extracellular matrix is
simulated as a rigid 3D fiber able to rotate and move depending on the forces. This model
allows us to study how initial orientation between the cell and matrix fiber and properties of
the crosslinking proteins of the matrix fibers are crucial for the cell to be able to attach to the
ECM. The model gives also insight on the importance of different aspects such as protein
unfolding, ligand concentration or diameter density in the cell-ECM adhesion.

In Chapter 4, we modify the model from Chapter 2 to simulate a whole cell and to
measure the level of durotaxis that one single cell or a group of cells express in different
scenarios. This model combines both cell-ECM and cell-cell interactions. All the elements
in the model are simulated as truss elements. Cells are bars that have a contractile part in the
center, and two adhesive zones at both sides of the contractile zone where the actin monomers
are placed. Finally, they have two protrusive zones at both ends of the cell where the cell
grows and polymerizes. We implement substrates with different rigidity gradients in order
to simulate durotaxis phenomenon. Cells can also be placed alone or bound to each other
with cadherin proteins forming a monolayer. In this way, we can simulate both single and
collective cell migration. We propose a force balance mechanism between both ends of the
cell to explain durotaxis. We employ the model to observe the differences between single and
collective cell migration and show how different conditions like myosin forces, monolayer

size or adhesion level influence durotaxis.

In the fifth chapter, we develop a different discrete model to simulate cell-cell adhesion
failure and the consequent gap generation in an endothelial monolayer. We propose an
agent-based model where cells are simulated as 2D objects formed by membrane and stress
fibers bars. We employ Kelvin-Voigt elements to simulate both stress fibers and membrane
structures. Cells bind to each other through cadherin complexes. These cadherins dynamically
bind and unbind, in the same way that adhesions complexes did in the previous models.
This model allows us to identify the frequency, location, size and lifetime of gaps that
are generated as a consequence of adhesion rupture. Morover, it offers the possibility of

identifying how different parameters such as cell mechanical properties, myosin generated
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forces, unbinding characteristics and cadherin density influence gap generation, propagation,

stabilization, and seal.

6.2 General conclusions

Here we summarize the main conclusions extracted from this thesis for the different scenarios

studied with the proposed models:

* Mechanical properties of the substrate critically influence cell-ECM adhesion and

force transmission.

¢ Adhesion reinforcement is critical for force transmission and adhesion maturation at

high stiffness gradients.

* Orientation between the cell actin filaments and the matrix fiber is crucial for establish-

ing strong adhesions.

* Different aspects like deformable crosslinking proteins, higher ligand densities or
protein unfolding are crucial in promoting the alignment between the cell and the

matrix fiber.

* Collective cell durotaxis is more effective than single cell durotaxis. Cells establish a
collaboration when they move collectively that allows them to sense higher rigidity
changes than when they move isolated. In the same way, gels with steeper gradients ex-
hibit higher levels of durotaxis, whereas cells placed in gels without stiffness gradients
do not show durotaxis.

* Cells exhibit higher levels of durotaxis when force transmission is promoted by in-

creasing ligand density or myosin activity.

* Cells open gaps preferably at a three cell vertex than at a two cell interface.
* Mechanical properties of the cell are crucial in regulating gap propagation and size.
» Balance between binding and unbinding rates regulate initial gap formation.

» Large myosin force fluctuations are needed to promote unbinding over binding and
initially generate the gap. These forces fluctuations also cause cell deformation leading

to larger gap generation.
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6.3 Future work

Here, we propose some lines of future work to continue with the work started in this thesis.

 Simulate a full 2D substrate with the finite element method with the aim of reproducing

with high accuracy how forces are distributed between the adhesion complexes during
actin retraction. Incorporate actin filament and adhesion complexes that dynamically
bind and unbind with the 2D substrate to simulate the same process of Chapter 2 (see
Fig. 6.1).

Fig. 6.1 Cell-ECM adhesion formation during actin retrograde flow. Model proposed
for cell-ECM adhesion formation over a 2D substrate simulated with finite element method.
Actin monomers are in red. ACs bind to the the ECM and pull from the substrate causinng
its deformation.

Include more matrix fibers and simulate how a cell would adhere to them. This
improvement would offer the possibility of analyzing the role of different parameters
that define the matrix architecture (fiber density and orientation, pore confinement and

connectivity) in 3D cell migration.

Study the effect of the extracellular matrix in the gap generation formation.

Include cells that extravasate the monolayer. Cells could also exert some force to help

in the gap opening process and migrate through it.

Include a third dimension to the model to simulate a 3D vascular vein to study how

curvature may influence monolayer integrity (Fig. 6.2).
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2D Monolayer 3D Monolayer

Fig. 6.2 Cell monolayer forming a vascular vein. 2D monolayer (left) and the same
monolayer forming a vascular vein in 3D (right).
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Resumen y conclusiones

B.1 Resumen

Las propiedades quimicas y fisicas del medio ambiente regulan diversos procesos como
la diferenciacién celular, la proliferacidn o la apoptosis. Las células necesitan adaptarse
rdpidamente a las caracteristicas ambientales para poder moverse. Estas son capaces de sentir
las propiedades de su entorno mediante la formacién de adhesiones y la transmisién de fuerza
a través de ellas. La interaccion entre la célula y la matriz extracelular (ECM) estd mediada
por adhesiones focales (FA) o complejos focales que presentan una alta concentracién de
los receptores de adhesion de la familia de las integrinas. Las células también interactdan
con otras células a través de diferentes estructuras adhesivas como uniones adherentes,
que también contienen altos niveles de otros receptores transmembrana conocidos como
cadherinas. Estas adhesiones de células-ECM y célula-célula son cruciales en los procesos
mecano sensores, siendo responsables de la transmision de las fuerzas generadas por las
células a su entorno y participando en la transduccién de sefiales mecdnicas en sefiales
bioquimicas. La influencia de estas estructuras adhesivas en el movimiento celular es crucial.
Las células las utilizan para sentir su entorno, reorganizar su estructura y ejercer las fuerzas
necesarias para su movimiento. Ademads, el movimiento y la forma de las células varian
significativamente dependiendo de la rigidez de los sustratos o de si la migracién ocurre en
sustratos planos o matrices tridimensionales. La presencia de otras células también tiene

un impacto importante en la migracién. Cuando las células se mueven colectivamente, se
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forma una colaboracién entre ellas (a través de las adhesiones célula-célula) para lograr una
migraciéon més eficiente. La estabilidad de la unién célula-célula en algunas monocapas
celulares, como el endotelio, es crucial durante diversos procesos, incluyendo la inflamacién
y la metastasis del cancer. La ruptura de las adhesiones provoca la formacién de huecos que

pueden permitir que las células inmunes o cancerosas transmigren a través del endotelio.

En esta tesis, se estudia, desde un punto de vista mecénico, el papel de estas diferentes
estructuras de adhesion en diversos procesos como la migracién celular o la integridad de la
unién de células endoteliales. Este trabajo se centra en como las propiedades mecédnicas del
entorno influyen en la formacién de la adhesion y la transmision de fuerzas. Para lograr este
objetivo, se disefian cuatro modelos computacionales diferentes para simular el proceso de
transmision de fuerza a través de las adhesiones célula-matriz o célula-célula en diferentes

escenarios y estudiar el comportamiento emergente del sistema en cada caso.

En el capitulo 2, se ha propuesto un modelo computacional discreto para simular las
adhesiones de ECM-célula en sustratos planos durante la retracciéon de un filopodio. Este
modelo incluye un filamento de actina, proteinas adhesivas y una matriz extracelular con
una distribucién espacial de los sitios de unién, también conocidos como ligandos. El
filamento de actina se simula como una barra rigida, y el sustrato y las proteinas adhesivas
(complejos de adhesidon) como barras deformables. Los complejos de adhesion se pueden
unir, desacoplar y desplegar de forma dindmica dependiendo de la fuerza que soportan. Son
ellos los que unen los monémeros del filamento de actina con los ligandos en el sustrato.
Para reproducir el movimiento por el medio de los complejos de adhesion que se encuentran
completamente libres se utiliza dindmica Browniana. El objetivo de este modelo es estudiar
como las diferentes propiedades mecdnicas del sustrato influyen en la transmision de fuerza,
la velocidad de actina y el tamaiio de adhesién. A su vez, este modelo se amplia en el material

suplementario afiadiendo la posibilidad de simular el fenémeno de refuerzo de la adhesion.

En el tercer capitulo, se adapta el modelo del capitulo anterior para simular el proceso
de retraccion de una protusion adherida a una fibra tridimensional de la matriz extracelular.
La simulacién de las protusiones de actina y de los complejos de adhesion se realizan con los
modelos del capitulo 2. Sin embargo, la matriz extracelular se simula como una fibra en tres
dimensiones, rigida y que es capaz de rotar y moverse en funcién de las fuerzas a las que estd
sujeta y de las propiedades mecdnicas de la unién entre distintas fibras. Este modelo permite
estudiar como la orientacién inicial entre la célula y la fibra matricial y las propiedades de las
proteinas reticuladas de las fibras matriciales son cruciales para que la célula pueda unirse a

la matriz. El modelo también pone de manifiesto la importancia de diferentes aspectos como
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el despliegue de proteinas, la concentracion o densidad de ligandos y el didmetro de la fibra

en la adhesion célula-matriz.

En el capitulo 4, se modifica el modelo del capitulo 2 y se simula una célula completa
para medir el nivel de durotaxis que una sola célula o un grupo de células muestran en
diferentes condiciones. Este modelo combina ambas interacciones: célula-ECM y célula-
célula. Todos los elementos del modelo se simulan como elementos barra con propiedades
elastico lineales. Las células son barras que tienen una parte contractil en el centro de la célula
y dos zonas adhesivas a ambos lados de la zona contractil donde se colocan los monémeros
de actina. Finalmente, tienen dos zonas protrusivas en ambos extremos de la célula donde
la célula crece y polimeriza. Se implementan sustratos con diferentes gradientes de rigidez
para simular el fendmeno de durotaxis. Las células también pueden colocarse solas o unidas
entre s{ formando una monocapa con proteinas de cadherina. De esta manera, se puede
simular tanto la migracion celular individual como la colectiva. Se propone un mecanismo de
equilibrio de fuerza entre ambos extremos de la célula para explicar el fendmeno de durotaxis.
Posteriormente, el modelo se emplea para observar las diferencias entre la migracién celular
individual y colectiva y para observar cémo diferentes condiciones como las fuerzas de la

miosina, el tamafio de la monocapa o el nivel de adhesién influyen en el proceso de durotaxis.

En el quinto capitulo, se propone un modelo discreto, diferente a los anteriores, para
simular la ruptura de la adhesion célula-célula y la consiguiente generacién de huecos en
una monocapa endotelial. Se propone un modelo basado en agentes donde las células son
simuladas como objetos 2D formados por dos tipos de barras que representan la membrana
y las fibras de esfuerzo. Se utilizan elementos Kelvin-Voigt para simular tanto fibras de
esfuerzo como estructuras de membrana. Las células se unen entre si a través de complejos
de cadherina. Estas cadherinas se unen y separan dindmicamente, de la misma manera que lo
hacian los complejos de adhesion en los modelos anteriores. Este modelo permite identificar
la frecuencia, ubicacién, tamafio y vida de los huecos que se generan como consecuencia
de la ruptura las adhesiones. Ademas, ofrece la posibilidad de identificar cémo diferentes
factores como las propiedades mecanicas de las células, las fuerzas generadas por la miosina,
las caracteristicas de las uniones y la densidad de cadherinas influyen en la generacion de los

huecos, su propagacion, estabilizacion y finalmente sellado de los mismos.
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B.2 Conclusiones

Se ha demostrado cémo las propiedades mecdnicas del sustrato influyen de forma critica en
la adhesién célula-ECM. Para sustratos blandos, las fuerzas transmitidas son menores y, por
lo tanto, la velocidad de retroceso de actina es alta. A medida que el sustrato se vuelve mas
rigido, los complejos de adhesién comienzan a soportar mds carga y el tamafio de adhesion y
las fuerzas aumentan. Todo esto se refleja en la caida de la velocidad de actina. Hay un punto
en el que, si la rigidez del sustrato sigue aumentando, debido a las altas cargas, las adhesiones
se separan mds rapido de lo que se unen. Esto causa un fallo general en la adhesién que
resulta en un incremento en la velocidad de actina. Se sabe a través de otros trabajos que
a altas rigideces del sustrato, esta caida en la velocidad no ocurre. De hecho, el tamafio de
adhesion y las fuerzas crecen provocando el efecto contrario. Esto estd relacionado con un
fenémeno de refuerzo de la adhesién que s6lo ocurre en sustratos rigidos. Al incluir este
refuerzo como un incremento de la probabilidad de unién provocada al traspasar un umbral
de fuerza y se observa cémo el modelo es capaz de reproducir los resultados encontrados
en la bibliograffa. A pesar de las mejoras, el modelo presenta algunas limitaciones en como
se distribuyen las fuerzas entre los diferentes complejos de adhesion. Dichas limitaciones
son causadas por la naturaleza unidimensional del sustrato. A pesar de estas limitaciones,
el modelo es capaz de simular la respuesta global del sistema a las diferentes condiciones
de rigidez del sustrato. El modelo no sélo es capaz de predecir el nivel de fuerza en la
adhesion célula-ECM, sino que también nos sirve de base para crear algunos de los modelos

propuestos en esta tesis.

Posteriormente se ha reproducido el mismo fenémeno descrito anteriormente, pero en
una matriz 3D en lugar de sobre un sustrato plano. Este nuevo modelo permite conocer los
diferentes aspectos que son importantes para la formacién de la adhesidn en estas condiciones.
Se estudia cémo la orientacion entre los filamentos de actina celular y la fibra matricial es
crucial para establecer adhesiones fuertes. Ademads, se observa como diferentes aspectos
como las propiedades de las proteinas reticulares que unen distintas fibras, la densidad de
ligandos, el despliegue de los complejos de adhesion son cruciales para establecer la adhesion

y favorecer el alineamiento entre la célula y la fibra de la matriz.

También se ha estudiado la durotaxis celular en sustratos 2D para la migracién celular
individual y colectiva. El modelo muestra que las células se mueven preferiblemente hacia la
parte mas rigida de los geles y que la migracién colectiva es mdas efectiva que la migracién
unicelular. Cuando las células se mueven colectivamente, unen sus fuerzas y sélo las que

se encuentran en los bordes de la monocapa establecen adhesiones y ejercen fuerzas sobre
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el sustrato. Esto permite que la monocapa detecte una mayor diferencia de rigidez. El
movimiento estd regulado por la diferencia de rigidez del sustrato en ambos extremos de la
monocapa, que se detecta por la transmisién de fuerza a través de las adhesiones célula-ECM.
Las células individuales son capaces de sentir menos parte del gradiente que varias células
juntas, de modo que a medida que la monocapa se hace mds grande, el movimiento es mas
eficiente. De la misma manera, los geles con gradientes menos pronunciados presentan menos
migracién que los geles con gradientes mds marcados, y en los geles sin gradiente de rigidez,
las células no muestran durotaxis. Ademas, se demuestra que al favorecer la transmision
de fuerzas, bien incrementando la densidad de ligandos o promoviendo la actividad de la

miosina, las células exhiben niveles mas altos de durotaxis.

En el dltimo modelo propuesto, se analiza la formacién de huecos en una monocapa
endotelial. El modelo permite observar que los huecos se generan en los vértices entre tres o
més células con més frecuencia que entre dos células. Posteriormente se estudia cémo los
huecos se abren, crecen, estabilizan y finalmente se cierran, analizando qué propiedades son
importantes en cada una de estas etapas. Se observa que la ruptura inicial en la unién de las
células se produce como consecuencia del equilibrio entre la velocidad de formacién y la
velocidad de ruptura de adhesiones. Cuando una unién se rompe, la fuerza de esa unién se
redistribuird entre las uniones vecinas. El incremento de fuerza resultante sobre las uniones
vecinas reforzara dichas uniones, y la agrupacion de cadherinas, que depende de la fuerza
conducird al refuerzo y estabilizacién de las uniones. Para la apertura inicial del hueco,
se requiere una fluctuacion de la fuerza generada por la miosina lo suficientemente grande
como para provocar la rotura de la unién. Una vez que hay una regién donde las uniones se
rompen, la deformacién de la célula comienza a aumentar. La deformacién es consecuencia
del equilibrio mecénico entre la fuerza aplicada y las propiedades mecanicas de la célula. Si
las células son muy rigidas, la deformacion va a ser pequefia, y por lo tanto, la brecha no va
a poder crecer. Por lo tanto, una alta rigidez puede llevar a un rdpido cierre del hueco. Si
la célula es menos rigida, el espacio puede crecer mds, hasta que se aplica una fuerza y se
equilibran las propiedades mecdnicas de la célula. A medida que la fluctuacién de la fuerza
desaparece, la célula comienza a cerrar el hueco. Cuando la célula se ha recuperado de la
deformacidn causada por la fluctuacién de la fuerza y la membrana entre las dos células se

acerca lo suficiente, el espacio finalmente se cierra.
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