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Cell migration is a key ingredient of organized life forms. It plays a key role
both during embryo development and during adult life where is important
in many physiological processes, such as the immune response or wound
healing, as well as in pathological conditions like cancer. Improvements in
microscopy techniques together with the possibility to carry out quantitative
analysis by tracking cells in vitro or in vivo using animal models have opened
a new perspective on this delicate and fundamental process.

The present book reviews the most recent and innovative approaches on
cell migration with the aim to obtain a complete picture of this complex
process. In our opinion, the most interesting recent approaches on cell mi-
gration make use of an interdisciplinary perspective, combining biology with
biophysics and bioengineering which provide new experimental techniques
and devices, as well as quantitative image analysis tools. Furthermore, our
understanding of cell migration relies more and more on the definition of
theoretical concepts and numerical simulations, all of which are reviewed in
depth in this book.

The intended readership for this book is provided by graduate students in
biology and biophysics who are interested to reach a deeper understanding of
the new aspects of cell migration and more experienced researchers who are
new in this field. The book can also be read by selecting individual chapters
that are always self-contained and up to date.

The book starts with the chapter of Yang et al. (Chap. 1) discussing
the most important computational models of collective cell migration. The
authors consider mechanical models where cells and extracellular matrix
interact through physical forces. At the same time, the authors discuss the
underlying biochemical models where rate equations describe molecular
interactions at many regulatory levels. The general goal is to combine
physical and biochemical aspects into a unique framework. The authors also
discuss an important issue playing a role in physiological and pathological
processes: the transition from mesenchymal individual migration to collective
motion and its relation to the traditional epithelial-mesenchymal transition.

Chapter 2, by Luca Giomi, presents a detailed account of contour models
describing the complex interaction between cells and the extracellular matrix
that is essential for cell migration. This area of activity has received a
wide attention in recent years, thanks to the development of traction force
microscopy. This technique allows to measure directly mechanical properties
of the living cells as they adhere or crawl on micro-patterned substrates.



vi

Ferrari and Giampietro (Chap. 3) discuss the most promising experimental
models and techniques to study epithelial cells and focus also on a related
cellular compartment: the endothelium. These cells are involved in many
physiological processes such as wound healing, but changes in their ar-
rangements could help in pathological process such as tumor spreading. The
authors discuss the forces generated by these cells and the most advanced
experimental techniques to measure them. Banerjee and Marchetti’s chapter
(Chap. 4) focuses instead on theoretical models of cell aggregates seen as
continuous active material. This analogy provides powerful mathematical
tools to describe the physiological dynamics that underlie developmental
process where the cells move into a viscous fluid and stiffen to support
mechanical stresses and maintain cohesion.

Statistical analysis helps highlight collective properties of cell migration,
properties that turn out to be universal and independent on cell types or the
form of the extracellular matrix. These aspects are discussed in the chapter by
La Porta and Zapperi (Chap. 5) who also highlight similarities and differences
between cell assemblies and soft matter systems.

In Chap. 6, the authors discuss how the development of new technologies
such as microfluidic devices plays an important role in obtaining single-
cell and single-molecule information. This approach provides an important
tool to study confinement-induced cell migration and investigate how the
environment can help or hinder cell migration. In particular, the capability
of the cell to organize invadosomes under confinement contributing actively
to its migration and invasion is a topical aspect of this field. It is important
to always bear in mind the dual characteristics of cells: the collective
migration and the capability of single cells to move in response to an external
stimulus that can be chemical or physical, due to the contact between cells.
Microfluidic technologies are bringing this research area to a higher level of
complexity and can really boost our understanding of the interaction of cells
and the microenvironment.

Chapter 7 by Linus Schumacher discusses collective cell migration in
development and in particular in Drosophila. The main features of this
process include the heterogeneity of cell states, substrate-free migration,
contact-inhibition of locomotion, and reprogramming. The possibility to
disentangle the main principles that underly cellular migration during devel-
opment is important to understand pathologies occurring during development
but also cancer. In this connection, Chap. 8 considers nuclear mechanics in
cancer migration in relation to genome integrity and potentially cancerous
mutations.

Milan, Italy Caterina A. M. La Porta
Milan, Italy Stefano Zapperi

Preface
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Yanjun Yang, Mohit Kumar Jolly, and Herbert Levine

Abstract

Collective cell migration plays key roles
in various physiological and pathological
processes in multicellular organisms, in-
cluding embryonic development, wound
healing, and formation of cancer metastases.
Such collective migration involves complex
crosstalk among cells and their environment at
both biochemical and mechanical levels. Here,
we review various computational modeling
strategies that have been helpful in decoding
the dynamics of collective cell migration.
Most of such attempts have focused either
aspect — mechanical or biochemical regulation
of collective cell migration, and have yielded
complementary insights. Finally, we suggest
some possible ways to integrate these models
to gain a more comprehensive understanding
of collective cell migration.

Keywords
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model - Phase field model - Wound healing
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1.1 Introduction

Cells are basic building blocks for biological
organisms and their migration plays an essen-
tial role in these systems. In many scenarios,
cells move collectively instead of moving as
single entities. Collective cellular migration is
central to many physiological process in multi-
cellular organisms, including embryonic devel-
opment, wound healing, and metastasis forma-
tion. The mechanisms for this collective cellular
migration are complex, involving mechanical and
biochemical interactions between cells and their
environment. Depending on the biochemical and
mechanical environment as well as specific bio-
logical context, collective migration may involve
different mechanisms (examples shown in Fig.
1.1). In this chapter, we introduce basic mechan-
ical and biochemical models for collective cell
migration.

Single-cell movement is the simplest form
of cell migration. In vivo, two typical types of
single-cell movements discussed are amoeboid
movement and mesenchymal movement. Such
single-cell movements result from weak or unsta-
ble intercellular junctions and occur under certain
extracellular tissue conditions. On the other hand,
in collective cellular migration, stronger inter-
cellular interactions exist at mechanical and/or
biochemical levels (te Boekhorst et al. 2016).
What migration mode a cell adopts is controlled

C. A. M. La Porta, S. Zapperi (eds.), Cell Migrations: Causes and Functions, Advances in
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Fig. 1.1 Examples for collective cell migration. (Scarpa
and Mayor 2016). (a) Epithelial Collective migration (b)
Mesenchymal Collective Migration. (https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC4738384/figure/fig1/)

by both local and global mechanical and bio-
chemical signals and their complex crosstalk. So
far, the mechanical and biochemical aspects of
cell migration have mostly been studied indepen-
dently, both in experiments and computational
modeling. However, to accurately decipher the
mechanism for collective cell migration, we need
to consider them in an integrated fashion. For
example, in collective to individual transitions,
biochemical signals change the mechanical prop-
erties of the cells, while, on the other hand,
the change in mechanical properties feeds back
to the biochemical signaling. In these transi-
tions, mechanical properties change, such as a
down-regulation of adherens junctions formation
(Haeger et al. 2015). These changes are often re-
lated to biochemical signals such as Rac, Rho, In-
tegrin etc., and they, in turn, often induce changes
in mechanical properties.

1.2  Mechanical Models

Modeling both mechanical and biochemical as-
pects coupled together is quite complex and there
are only a few examples of this type of complete

Y.Yang et al.

treatment. Therefore, we start with several purely
mechanical models. These models simulate the
migration modes and force patterns based on
the mechanical properties including forces within
and among cells, interactions between cells and
extracellular matrix. It is worth remembering that
a good model should only contain necessary fac-
tors or parameters; it should not be too complex
trying to simulate everything, thus leading to
overfitting and reducing the confidence in the
ability of the model to predict novel behaviors. In
other words, we should create a model capturing
the key factors for the phenomena that we are
interested in and consider their relationships. In
a model for collective cell migration, we need
to decide how and to what degree to specify the
following key elements: (1) the motility of single
cells within the collective, (2) the cell shape and
intercellular interactions, (3) the mechanism for
a cell to choose its moving direction, (4) po-
tential biochemical signaling (Camley and Rap-
pel 2017). Here, we discuss various frameworks
that have been adopted to model collective cell
behavior.

1.2.1 Agent-Based Models

An agent-based model is the simplest scheme
for representing collective cell migration, where
every cell is treated as a single particle (Fig.
1.2a). In this type of model, intercellular inter-
actions can be incorporated in a simple manner,
while still being able to capture some macro-
scopic features. Usually, we can treat the cell-
cell adhesion and cell-cell volume exclusion as
an attraction or repulsion force between agents.
For cell-substrate interaction and other cell-cell
interactions, we can treat them as friction that a
cell faces during migration. To obtain collective
movement from this approach, usually a Vicsek-
like model is adopted (Vicsek et al. 1995). That
is, it is assumed that collective motion is due
to alignment of the self-propulsion among the
agents in this model, taking place via a variety of
mechanisms such as cell-cell alignment, velocity
alignment etc. In the original Vicsek formulation,
every agent has a self-propulsion with a constant
speed v and a changing direction of the velocity
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Fig. 1.2 Example figures for different mechanical
models. (a) An agent-based model simulating an
expanding cell layer (Tarle et al. 2017) (http://iopscience.
iop.org/1478-3975/14/3/035001/downloadHRFigure/

figure/pbaa6591f01) (b) A cartoon for a two-subcellular-
element model. (¢) A cartoon for a Vertex/Voronoi model

6. At each simulation time step, every agent i first

aligns its 6 with that of its neighbors, by taking

the average 6 of its neighbors plus an uncertainty;

then we update the position of agent i using the

new velocity. Specifically, we update the 6 in

Vicsek model as described in Eq. (1.1),

O, (1 + Ar) = (0)) +ni(1).

(1.1)

nearest neighbors of i

This kind of agent-based model is sufficient
to capture some key features in collective cellu-
lar motion. For example, Camley et al. studied
emergent collective chemotaxis in the absence
of single-cell gradient sensing (Camley et al.
2016). To accomplish this, they expanded the
agent-based model by introducing a chemical
gradient for the cell cluster, a polarity for each
cell, and contact inhibition of locomotion be-
tween cells. They provided a quantitative min-
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(d) A phase field model simulating a pair of rotation
cells (Camley et al. 2014) (http://www.pnas.org/content/
pnas/111/41/14770/F1.1arge.jpg). (e) A cellular Potts
model (Albert and Schwarz 2016) (https://journals.plos.
org/ploscompbiol/article/figure/image?size=original&
download=&id=10.1371/journal.pcbi.1004863.2002)

imal model for collective chemotaxis without
the need for incorporating single-cell chemo-
taxis. Another example of agent-based model
in the context of collective migration aimed to
explain the emergence of finger-like protrusion at
wound frontiers (Sepulveda et al. 2013). Here, an
Ornstein-Uhlenbeck process was to drive the cell,
a linear damping term to simulate the adhesive
contacts or friction with the substrate, cell-cell
interactions and a velocity alignment with each
cell’s nearest neighbors. Aside from these basic
settings, by assigning leader cells which moves
faster at the front edge of the wound, they suc-
cessfully reproduced the finger-like protrusions
observed experimentally (Poujade et al. 2007;
Petitjean et al. 2010; Reffay et al. 2011, 2014).
In particular, the velocity alignment gives rise
to a velocity gradient from the leading front to
the back end of the cellular sheet. This velocity
gradient induces the instability at the wound
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front and forms the “fingers”. This model is
highly adaptable in which we can easily include
additional intercellular features, such as contact
inhibition of locomotion, different kind of inter-
cellular forces based on cell type or position etc.
For example, in this model, a contour force at the
wound edge can be added (Tarle et al. 2015), that
can empirically simulate long distance intercellu-
lar tensions on the wound rim.

1.2.2 Sub-Cellular-Element Model

With only one point-particle to represent a cell,
the agent-based approach can sometimes be
too simple. The most significant drawback of
this model is that it cannot take into account
detailed intracellular features including actin-
myosin contractions, cell morphology, cell
division etc. To resolve this issue, one can turn
to a subcellular-element model, where each cell
is represented by several subcellular-elements
(Sandersius and Newman 2008; Sandersius et
al. 2011). In the subcellular-element model, in
addition to everything included in the agent-
based model, other factors such as intracellular
contractility, cell polarization, cell size, and cell
division can be included as well. The simplest
subcellular-element model is the two-subcellular-
element model, where two subcellular-elements
are used to represent a cell, one for the front end
and another one for the back end (Zimmermann
et al. 2016) (Fig. 1.2b).

This two-particle-based model can be vali-
dated by experiments in several ways. For ex-
ample, we can experimentally measure the mor-
phology of the collective cell culture, the position
and velocity of the cells, and the traction force
between cells and the substrate. These mechan-
ical properties can be compared with the force
patterns and velocity fields generated from the
simulations of the mathematical model. Using a
two-subcellular-element model, our group suc-
cessfully deciphered the role of the supracellular
actomyosin cable around the wound (Yang and
Levine 2018), in the context of wound heal-
ing. To do this, we considered a self-propelled
force m which is subject to contact inhibition

Y.Yang et al.

of locomotion (Zimmermann et al. 2016) for
each subcellular-element, an intracellular con-
tractive force between two subcellular-element
feontr and an intercellular interaction between el-
ements from different cells f.paqn as shown in
Eq. (1.2),

1
V== (m + feontr + frep/adh)- (1.2)

§

We updated the position for each subcellular
element by a simple Euler scheme x = v dt. The
traction force can be calculated by m — &v, where
& is the friction coefficient between the cell and
substrate. To take into account the supracellular
actomyosin cable, we add a set of mechani-
cal links connecting elements from cable cells,
which are defined as those cells on the wound
boundary. These links form a ring around the
wound and the tension from the ring simulates
the purse-string contraction of the actomyosin
ring. This simulation can successfully predict the
traction force patterns during the wound healing
process under different conditions. By comparing
these force patterns with both experiments and
their corresponding simulations (Brugués et al.
2014; Vedula et al. 2015; Martin et al. 2015), we
successfully determined how the actomyosin ring
around the wound can contribute to the driving
of this collective movement. More importantly,
we validated this strategy for modeling a supra-
cellular actomyosin cable. This framework can
be applied in many other scenarios, including the
intercellular cable on both sides of fingering-like
protrusions. Thus, an overall advantage of the
particle-based formulation is that it is powerful
both conceptually and computationally but still
simple enough to enable us to simulate a large
number of cells while being able to reasonably
mimic both intracellular and intercellular proper-
ties for each cell.

1.2.3 Vertex/Voronoi Model

The above discussed models do not specifically
consider cell morphology. To better take into con-
sideration the cell morphology, especially for the
case of epithelial cell layers, vertex and voronoi
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models assume that cells can be approximated
with polygonal shapes (Fig. 1.2¢). In the vertex
model, a cell is parameterized by a set of vertices
that mark the common point of three or more
neighboring cells. On the other hand, in the
Voronoi model, the common borders of neigh-
boring cells are determined by the Voronoi con-
struction (Honda 1978), i.e. a cell is defined by
its center and any point within the region of this
cell is closer to this cell’s center than any other
cell’s center. Thus, a Voronoi diagram is similar
to the Wigner-Seitz-cell in solid state physics
(Wigner and Seitz 1933). In these models, the
cell shape itself, the adhesion between cells and
many other aspects related to the cell shape and
boundary can be treated in a more accurate way.
To investigate the collective behavior, a term for
mechanical energy for each cell is included. This
term is related to a cell’s area and perimeter, and
further information regarding cell-cell adhesion
can be obtained from this energy. In addition, it
is possible to include self-propulsion and even
traction force in this approach. Bi et al. applied
a self-propelled Voronoi model to demonstrate
a jamming transition from a solid-like state to
a fluid-like state in a confluent tissue (Bi et al.
2015, 2016). They write down the total energy
of the system based on the area and perimeter of
each cell, which are completely determined by
the positions of the center of each Voronoi cell
r;. As shown in Eq. (1.3),

E=Y" [Ka(AG) — Ao

+Kp (P (r)) — Py)*].

(1.3)

A,,, P, are the area and perimeter for cell at r;,
Ay, Py are the preferred values, and K4, Kp are the
area and perimeter moduli (Bi et al. 2016). This
energy corresponds to cell volume incompress-
ibility, contractility of the actomyosin cortex, and
cell membrane tension and cell-cell adhesion.
They show that the solid to fluid transition is
only related to the single-cell moving speed, the
persistence time of a cell track, and a shape index
related to the area and perimeter of the cell.
Their results provide a framework to understand

this collective solid-to-liquid transition and a way
to simulate cells with a defined shape. More
recently, Koride et al. combined the Vertex model
with biochemical regulation of contractility to
model collective cellular migration in confluent
epithelia (Koride et al. 2018). They incorporated
cell-substrate friction, cell-cell friction, passive
force and active force including contractility in
the vertex model. They also included a Rho-
ROCK-myosin signaling pathway to regulate the
contractility, providing an example which com-
bines mechanical and biochemical traits.

1.2.4 Phase Field Model

A phase-field model is a more elaborate con-
struction which defines the cell boundary based
on a set of partial differential equations for the
phase field ¢ (Shao et al. 2010, 2012; Ziebert et
al. 2012) (Fig. 1.2d). For a single cell, we often
start with energy, including surface energy which
is proportional to the cell’s perimeter, bending
energy etc. We can have the Hamiltonian for a
single cell in a form similar to Eq. (1.4):

H=y/d2r [5 vop + £@ (¢)]
2 €

’ 2
+K/d2r i |:e V2¢— —G (¢)i| )
2¢ €

where the first term is related to the cell perimeter
and second term is the energy for the curvature
integrated over membrane. Such models typically
apply a constraint that the area of the cell is
conserved during migration and deformation, but
the perimeter of the cell can vary. Based on this
information, we can then write down expressions
for the forces in the system and establish the
equation for the evolution of the phase field. In
one popular version, the forces are generated by
the cytoskeleton acting as an active gel (Prost
et al. 2015) with separate terms corresponding
to polymerization and myosin-based contraction.
Within this model, we can simulate many details
in a cell such as actin dynamics, membrane
bending, protrusion, focal adhesion etc.



For multiple cells, each cell is represented by
a phase field ¢'. In this context, we need to also
consider intercellular interactions which can be
given by an additional term in the Hamiltonian.
Using these ideas, Camley et al. studied the
rotation of a pair of mammalian cells (Camley
et al. 2014) that can be experimentally observed
(Segerer et al. 2015). They investigated the ef-
fect of various cell polarity mechanisms on the
rotation motion, including contact inhibition of
locomotion, alignment of position or velocity
with neighboring cells. They show that the veloc-
ity alignment promotes the persistent rotational
motion robustly. For simulation of more cells,
Lober et al. provide an alternative phase-field
model can simulate hundreds of cells (Lober et al.
2015).

1.2.5 Cellular Potts Model

Another methodology, called the cellular Potts
model, borrows the idea of spin from physics.
This model represents each cell as the set of
points on a lattice all having the same spin, and
so these N cells give rise to a N-state model
(Fig. 1.2e). We evolve the system by flipping the
spin value at a random site on the lattice with a
randomly chosen probability, and decide whether
to accept the flipping based on the Hamilto-
nian, which often needs to be minimized. The
Hamiltonian often contains adhesion energies,
cell volume exclusion etc. It is determined by the
configuration of the lattice. It can be written in
forms of the spin values as shown in Eq. (1.5),

H :Zi,j neighborsJij (1 - 80(1’),6(]))
+ D MA = A)”

According to this equation, we can flip the
spin on any site and hence in principle cells
can split apart. However, if the site is located in
the middle of a cell, it the energy change will
be prohibitively large and thus this flip will be
rejected. We usually use a Metropolis algorithm
to update the Hamiltonian. Using this model,

(1.5)
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we can simulate cell dynamics, including cell
sorting, cell migration etc. (Graner and Glazier
1992; Szabd et al. 2010; Albert and Schwarz
2016). Using this Cellular Potts approach, Albert
and Schwarz simulated collective behavior on ad-
hesive micropatterns. By combining the Cellular
Potts model with previous models developed for
cell mechanics, cell division, cell migration, cell-
cell adhesion, they generated a framework which
can explain a large range of experiments (Albert
and Schwarz 2016).

1.3  Biochemical Models
The abovementioned mechanical models can
simulate collective cellular motions. They all
have their own assumptions, characteristics,
strengths and limitations; the choice of a model
should be guided by the relevant question at
hand, and typically depend on the tradeoff
between what details should be included and how
much resources (computation and manpower) are
available. It is also possible for these models to
be connected to the biochemical signaling aspect,
but with the exception of work on agent-based
systems, this is not often attempted. Here, we
discuss on pure biochemical signaling models
relevant for collective cell migration.

Biochemical models are typically formu-
lated using ordinary or partial differential
equations (ODEs, PDEs) to represent a
temporal/spatiotemporal profiles of various
signaling molecules at a cellular or tissue-level.
These equations represent molecular interactions
at many regulatory levels that have been experi-
mentally reported, such as transcriptional or post-
transcriptional regulation. However, detailed
kinetic parameters for multiple interactions
may not be readily available, especially as the
network grows in size. Thus, an alternative
approach typically adopts a parameter-free
approach, only representing the interactions (in-
hibitory/excitatory) among a set of molecules —
typically known as Boolean models.

In the context of collective cell migration,
biochemical models have been constructed from
the perspective of Epithelial-Mesenchymal Tran-
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sition (EMT), a cell biological process that allows
epithelial cells to weaken their cell-cell adhesion
and lose their apico-basal polarity while gaining
the mesenchymal traits of migration and inva-
sion. Cells undergo EMT in multiple physio-
logical and pathological contexts — gastrulation,
branching morphogenesis and other aspects of
embryonic development (type I EMT), wound
healing and fibrosis (type II EMT), and cancer
metastasis (type III EMT) (Kalluri and Weinberg
2009). EMT has been long considered to be
a binary process; however, recent studies have
demonstrated that cells may stably attain one
or more hybrid epithelial/mesenchymal (E/M)
phenotype(s) (Nieto et al. 2016; Jolly et al. 2015).
These hybrid E/M phenotype(s) typically inte-
grate adhesion (epithelial trait) and migration
(mesenchymal trait), thus enabling collective cell
migration, as observed during wound healing,
branching morphogenesis, and more recently in
cancer metastasis (Micalizzi et al. 2010; Cheung
and Ewald 2016). Mouse models have shown that
most metastases are formed by cells migrating
collectively and eventually appearing as clusters
of Circulating Tumor Cells (CTCs) in the blood
system — typically 5-8 cells in size. Moreover, the
presence of CTC clusters in patients may predict
poor survival (Cheung and Ewald 2016).

Various biochemical signaling models have
been proposed to gain insights how cells can
attain a hybrid E/M phenotype. The first two
models focus on interactions among two fam-
ilies of microRNAs miR-34 and miR-200, and
two families of transcription factors ZEB and
SNAIL. These models capture the kinetics of
individual biochemical reactions using estimated
parameters from the relevant experimental litera-
ture. Both the models predict that this network
can enable the existence of a hybrid E/M or
partial EMT phenotype (Fig. 1.3a), although their
predicted expression signature for a hybrid E/M
signature is somewhat different due to variations
in assumptions (Bocci et al. 2018) — for instance,
Lu et al. developed a specific microRNA-based
framework to capture the mRNA-microRNA in-
teractions (Lu et al. 2013). Experimental support
for both these models has been presented, sug-
gesting that different cell lines may exhibit dif-

ferent hybrid E/M phenotype(s) (Jia et al. 2017;
Zhang et al. 2014). Importantly, these models
have contributed to the experimental identifica-
tion of hybrid E/M phenotypes at a single-cell
level in multiple cancer types (Jolly et al. 2018b).

Further models built upon these frameworks
have predicted what factors can stabilize a hybrid
E/M phenotype (Fig. 1.3a) (Jolly et al. 2016;
Hong et al. 2015). The role of ‘phenotypic sta-
bility factors’ (PSFs) has been experimentally
validated; H1975 cells that stably maintained a
hybrid E/M phenotype over 2 months in vitro
switched to a mesenchymal state within a day
upon knockdown of one of the PSFs — OVOL,
GRHL2, or NUMB (Bocci et al. 2017; Jolly et al.
2016). Further, knockdown of one or more these
PSFs has been observed to impair collective cell
migration in developmental contexts as well such
as mammary morphogenesis (Jolly et al. 2015).

Aside from these continuous approaches,
Boolean models have also been developed for
EMT networks (Font-Clos et al. 2018; Steinway
et al. 2014, 2015). In these models, each node
typically takes a value 0 (OFF) or 1 (ON)
depending on the state of other nodes that
activate or inhibit it. Thus, in this framework,
a state is defined as epithelial epithelial when
most markers or drivers of EMT are ‘OFF’,
and that for MET are ‘ON’. Conversely, it is
defined as mesenchymal when most markers
or drivers of MET are ‘OFF’, and that for
EMT are ‘ON’. The hybrid E/M state(s) tend
to display a ‘mixed’ pattern, i.e. where many
drivers or markers of EMT and MET are ‘ON’ or
‘OFF’ simultaneously. These models, typically
developed for much larger networks, reinforce
the earlier prediction that cells can stably
maintain one or more hybrid E/M phenotype(s)
(Fig. 1.3c). Moreover, these discrete models
have led to identifying network motifs that
can stabilize epithelial or mesenchymal states,
complementing the analysis by continuous
dynamic models — deduction of motifs to identify
further PSFs (Jolly et al. 2016).

An alternative approach that has been im-
plemented to investigate the dynamics of EMT
is RACIPE (Random Circuit Perturbation) — a
tool that generates an ensemble of mathematical



miR-9

Fig. 1.3 Dynamics of epithelial-mesenchymal transition
(EMT) (a) Left: A gene regulatory circuit for EMT
including PSFs, as proposed by Hong et al. (2015)
(https://journals.plos.org/ploscompbiol/article?id=10.

1371/journal.pcbi.1004569) Right: a bifurcation diagram
of ZEB mRNA as a function of EMT-TF SNAIL; it shows
three stable phenotypes (i.e. continuous blue curves)
corresponding to epithelial (low ZEB), hybrid E/M
(intermediate ZEB) and mesenchymal (high ZEB) (http://
www.pnas.org/content/110/45/18144). (b) An extended
EMT regulatory circuit modeled using RACIPE (Huang

models for a given network topology and infers
the robust dynamical features of that topology
(Huang et al. 2017). Each model in the ensem-
ble is solved using continuous approaches (as
ODESs) but the kinetic parameters are chosen ran-
domly from a biologically relevant range, instead
of from specific experiments regarding a given
link/node. RACIPE analysis has been useful in
strengthening the emerging notion that cells can
stably adopt one or more hybrid E/M pheno-
type(s) (Fig. 1.3b), and in identifying the network
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et al. 2017) (https://journals.plos.org/ploscompbiol/
article?id=10.1371/journal.pcbi.1005456) (¢) The energy
landscape of a large EMT regulatory circuit adapted from
Boolean model shows two main minima (purple and green
projections) corresponding to epithelial and mesenchymal
phenotypes, respectively. Additionally, many local energy
minima en route to EMT correspond to intermediate
E/M states (Font-Clos et al. 2018) (http://www.pnas.org/
content/115/23/5902.short). (Figure adapted from https://
arxiv.org/pdf/1808.09113.pdf (Bocci et al. 2018))

links that can alter the likelihood of attaining the
hybrid state(s) (Jolly et al. 2018a).

1.4  Conclusion

The biochemical signaling and mechanical
models for collective cell migration have
generated valuable insights into the subcellular
and intercellular dynamics of this intricated
process. Multiple modeling frameworks — both


https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1004569
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1004569
http://www.pnas.org/content/110/45/18144
http://www.pnas.org/content/110/45/18144
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1005456
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1005456
http://www.pnas.org/content/115/23/5902.short
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for mechanical and biochemical aspects — have
been quite complementary in understanding
how cells coordinate their migration in many
contexts. To date, however, largely speaking,
these models have been treated independently.
While coupling them is not a straightforward
task by any means, recent experiments have
demonstrated many mechanochemical coupling
(Vishwakarma et al. 2018; Riahi et al. 2015;
Das et al. 2015) that can be considered as
important initial steps in achieving this arduous
task. Integrating biomechanical parameters
such as cell-cell adhesion as a function of
biochemical signaling components such as E-
cadherin would require careful experimental
calibration that can then be incorporated
into integrated mechanical-biochemical model
frameworks.

References

Albert PJ, Schwarz US (2016) Dynamics of cell en-
sembles on adhesive micropatterns: bridging the gap
between single cell spreading and collective cell mi-
gration. PLOS Comp Biol 12(4):e1004863. https://doi.
org/10.1371/journal.pcbi. 1004863

Bi D, Lopez JH, Schwarz JM, Manning ML (2015)
A density-independent rigidity transition in biological
tissues. Nat Phys 11(12):1074-1079. https://doi.org/10.
1038/nphys3471

Bi D, Yang X, Marchetti MC, Manning ML (2016)
Motility-driven glass and jamming transitions in bio-
logical tissues. Phys Rev X 6(2):1-13. https://doi.org/
10.1103/PhysRevX.6.021011

Bocci F, Jolly MK, Tripathi SC, Aguilar M, Hanash SM,
Levine H, Onuchic JN (2017) Numb prevents a com-
plete epithelial-mesenchymal transition by modulating
notch signalling. J R Soc Interface 14(136):20170512.
https://doi.org/10.1098/rsif.2017.0512

Bocci F, Levine H, Onuchic JN, Jolly MK, Jolly
MK (2018) Deciphering the dynamics of epithelial-
mesenchymal transition and cancer stem cells in
tumor progression. https://arxiv.org/pdf/1808.09113.
Accessed 30 Oct

Brugués A, Anon E, Conte V, Veldhuis JH, Gupta M,
Colombelli J, Muiioz JJ, Brodland GW, Ladoux B,
Trepat X (2014) Forces driving epithelial wound heal-
ing. Nat Phys 10(9):683-690. https://doi.org/10.1038/
nphys3040

Camley BA, Rappel W-J (2017) Physical models of col-
lective cell motility: from cell to tissue. J Phys D Appl
Phys 50(11):113002. IOP Publishing. https://doi.org/
10.1088/1361-6463/aa56fe

Camley BA, Zhang Y, Zhao Y, Li B, Ben-Jacob E, Levine
H, Rappel W-J (2014) Polarity mechanisms such as
contact inhibition of locomotion regulate persistent ro-
tational motion of mammalian cells on micropatterns.
Proc Natl Acad Sci 111(41):14770-14775. https://doi.
org/10.1073/pnas. 1414498111

Camley BA, Zimmermann J, Levine H, Rappel W-J
(2016) Emergent collective chemotaxis without
single-cell gradient sensing. Phys Rev Lett 098101
(March):1-6. https://doi.org/10.1103/PhysRevLett.
116.098101

Cheung, KJ, Ewald AJ (2016) A collective route to metas-
tasis: seeding by tumor cell clusters. Science (New
York, NY) 352(6282):167-69. American Association
for the Advancement of Science. https://doi.org/10.
1126/science.aaf6546

Das T, Safferling K, Rausch S, Grabe N, Boehm H, Spatz
JP (2015) A molecular mechanotransduction pathway
regulates collective migration of epithelial cells. Nat
Cell Biol 17(3):276-287. Nature Publishing Group.
https://doi.org/10.1038/ncb3115

Font-Clos F, Zapperi S, La Porta CAM (2018) Topography
of epithelial-mesenchymal plasticity. Proc Natl Acad
Sci U S A 115(23):5902-5907. National Academy of
Sciences. https://doi.org/10.1073/pnas.1722609115

Graner F, Glazier JA (1992) Simulation of biological cell
sorting using a two-dimensional extended potts model.
Phys Rev Lett 69(13):2013-2016. https://doi.org/10.
1103/PhysRevLett.69.2013

Haeger A, Wolf K, Zegers MM, Friedl P (2015) Col-
lective cell migration: guidance principles and hierar-
chies. Trends Cell Biol 25(9):556-566. https://doi.org/
10.1016/.tcb.2015.06.003

Honda H (1978) Description of cellular patterns
by dirichlet domains: the two-dimensional case. J
Theor Biol 72(3):523-543. https://doi.org/10.1016/
0022-5193(78)90315-6

Hong T, Watanabe K, Ta CH, Villarreal-Ponce A, Nie Q,
Dai X (2015) An Ovol2-Zebl mutual inhibitory circuit
governs bidirectional and multi-step transition between
epithelial and mesenchymal states. Edited by Michael
PH. Stumpf. PLOS Comp Biol 11(11):e1004569. Pub-
lic Library of Science. https://doi.org/10.1371/journal.
pcbi. 1004569

Huang, B, Lu M, Jia D, Ben-Jacob E, Levine H, Onuchic
JN (2017) Interrogating the topological robustness of
gene regulatory circuits by randomization. Edited by
Chao Tang. PLOS Comp Biol 13(3):e1005456. Pub-
lic Library of Science. https://doi.org/10.1371/journal.
pcbi. 1005456

Jia D, Jolly MK, Tripathi SC, Den Hollander P, Huang B,
Lu M, Celiktas M et al (2017) Distinguishing mech-
anisms underlying EMT tristability. Cancer Converg
1(1):2. Springer. https://doi.org/10.1186/541236-017-
0005-8

Jolly MK, Boareto M, Huang B, Jia D, Mingyang L, Ben-
Jacob E, Onuchic JN, Levine H (2015) Implications
of the hybrid epithelial/Mesenchymal phenotype in
metastasis. Front Oncol 5(July):155. Frontiers. https://
doi.org/10.3389/fonc.2015.00155


http://dx.doi.org/10.1371/journal.pcbi.1004863
http://dx.doi.org/10.1371/journal.pcbi.1004863
http://dx.doi.org/10.1038/nphys3471
http://dx.doi.org/10.1038/nphys3471
http://dx.doi.org/10.1103/PhysRevX.6.021011
http://dx.doi.org/10.1103/PhysRevX.6.021011
http://dx.doi.org/10.1098/rsif.2017.0512
http://dx.doi.org/https://arxiv.org/pdf/1808.09113.pdf
http://dx.doi.org/10.1038/nphys3040
http://dx.doi.org/10.1038/nphys3040
http://dx.doi.org/10.1088/1361-6463/aa56fe
http://dx.doi.org/10.1088/1361-6463/aa56fe
http://dx.doi.org/10.1073/pnas.1414498111
http://dx.doi.org/10.1073/pnas.1414498111
http://dx.doi.org/10.1103/PhysRevLett.116.098101
http://dx.doi.org/10.1103/PhysRevLett.116.098101
http://dx.doi.org/10.1126/science.aaf6546
http://dx.doi.org/10.1126/science.aaf6546
http://dx.doi.org/10.1038/ncb3115
http://dx.doi.org/10.1073/pnas.1722609115
http://dx.doi.org/10.1103/PhysRevLett.69.2013
http://dx.doi.org/10.1103/PhysRevLett.69.2013
http://dx.doi.org/10.1016/j.tcb.2015.06.003
http://dx.doi.org/10.1016/j.tcb.2015.06.003
http://dx.doi.org/10.1016/0022-5193(78)90315-6
http://dx.doi.org/10.1016/0022-5193(78)90315-6
http://dx.doi.org/10.1371/journal.pcbi.1004569
http://dx.doi.org/10.1371/journal.pcbi.1004569
http://dx.doi.org/10.1371/journal.pcbi.1005456
http://dx.doi.org/10.1371/journal.pcbi.1005456
http://dx.doi.org/10.1186/s41236-017-0005-8
http://dx.doi.org/10.1186/s41236-017-0005-8
http://dx.doi.org/10.3389/fonc.2015.00155
http://dx.doi.org/10.3389/fonc.2015.00155

10

Jolly MK, Tripathi SC, Jia D, Mooney SM, Celiktas
M, Hanash SM, Mani SA, Pienta KJ, Ben-
Jacob E, Levine H (2016) Stability of the hybrid
epithelial/Mesenchymal phenotype. Oncotarget
7(19):27067-27084. https://doi.org/10.18632/
oncotarget.8166

Jolly MK, Preca B-T, Tripathi SC, Jia D, George
JT, Hanash SM, Brabletz T, Stemmler MP, Mau-
rer J, Levine H (2018a) Interconnected feedback
loops among ESRPI, HAS2, and CD44 Regulate
epithelial-mesenchymal plasticity in cancer. APL Bio-
eng 2(3):031908. AIP Publishing LLC. https://doi.org/
10.1063/1.5024874

Jolly MK, Somarelli JA, Sheth M, Biddle A, Tripathi
SC, Armstrong AJ, Hanash SM, Bapat SA, Rangarajan
A, Levine H (2018b) Hybrid epithelial/Mesenchymal
phenotypes promote metastasis and therapy resistance
across carcinomas. Pharmacol Ther. https://doi.org/10.
1016/j.pharmthera.2018.09.007

Kalluri, R, Weinberg RA (2009) The basics of epithelial-
mesenchymal transition. J Clin Invest 119(6):1420-28.
American Society for Clinical Investigation. https:/
doi.org/10.1172/JCI39104

Koride S, Loza AJ, Sun SX, Koride S, Loza AJ, Sun SX
(2018) Epithelial vertex models with active biochem-
ical regulation of contractility can explain organized
collective cell motility epithelial vertex models with ac-
tive biochemical regulation of contractility can explain
organized collective cell motility. APL Bioeng:031906.
https://doi.org/10.1063/1.5023410

Lober J, Ziebert F, Aranson IS (2015) Collisions of de-
formable cells lead to collective migration. Sci Rep
5:1-7. https://doi.org/10.1038/srep09172

Lu M, Jolly MK, Levine H, Onuchic JN, Ben-Jacob
E (2013) MicroRNA-based regulation of epithelial-
hybrid-mesenchymal fate determination. Proc Natl
Acad Sci U S A 110(45):18144-18149. National
Academy of Sciences. https://doi.org/10.1073/pnas.
1318192110

Martin P, Shaw TJ, Martin P, Lecuit T, Lenne P-F, Sup-
plementary Fig, Trepat X et al (2015) Gap geom-
etry dictates epithelial closure efficiency. Nat Com-
mun 6(1):7683. The Author(s). https://doi.org/10.1038/
nrm2222

Micalizzi DS, Farabaugh SM, Ford HL (2010) Epithelial-
Mesenchymal transition in cancer: parallels between
normal development and tumor progression. J Mam-
mary Gland Biol Neoplasia 15(2):117-134. https://doi.
org/10.1007/s10911-010-9178-9

Nieto M, Angela R, Huang Y-J, Jackson RA, Thiery
JP (2016) EMT: 2016. Cell 166(1):21-45. Cell Press.
https://doi.org/10.1016/J.CELL.2016.06.028

Petitjean L, Reffay M, Grasland-Mongrain E, Poujade
M, Ladoux B, Buguin A, Silberzan P (2010) Velocity
fields in a collectively migrating epithelium. Biophys J
98(9):1790-1800. Biophysical Society. https://doi.org/
10.1016/j.bpj.2010.01.030

Poujade M, Grasland-Mongrain E, Hertzog A, Jouan-
neau J, Chavrier P, Ladoux B, Buguin A, Sil-
berzan P (2007) Collective migration of an epithe-

Y.Yang et al.

lial monolayer in response to a model wound. Proc
Natl Acad Sci 104(41):15988-15993. https://doi.org/
10.1073/pnas.0705062104

Prost J, Jiilicher F, Joanny J-F (2015) Active gel physics.
Nat Phys 11(2):111-117. Nature Publishing Group.
https://doi.org/10.1038/nphys3224

Reffay M, Petitjean L, Coscoy S, Grasland-Mongrain E,
Amblard F, Buguin A, Silberzan P (2011) Orienta-
tion and polarity in collectively migrating cell struc-
tures: statics and dynamics. Biophys J 100(11):2566—
2575. Biophysical Society. https://doi.org/10.1016/].
bpj.2011.04.047

Reffay M, Parrini MC, Cochet-Escartin O, Ladoux B,
Buguin A, Coscoy S, Amblard F, Camonis J, Silberzan
P (2014) Interplay of RhoA and mechanical forces in
collective cell migration driven by leader cells. Nat Cell
Biol 16(3):217-223. https://doi.org/10.1038/ncb2917

Riahi R, Sun J, Wang S, Long M, Zhang DD, Wong PK
(2015) Notch1-DIl4 signalling and mechanical force
regulate leader cell formation during collective cell
migration. Nat Commun 6(1):6556. Nature Publishing
Group. https://doi.org/10.1038/ncomms7556

Sandersius SA, Newman TJ (2008) Modeling cell rhe-
ology with the subcellular element model. Phys Biol
5(1): 015002. IOP Publishing. https://doi.org/10.1088/
1478-3975/5/1/015002

Sandersius SA, Weijer CJ, Newman TJ (2011) Emergent
cell and tissue dynamics from subcellular modeling
of active biomechanical processes. Phys Biol 8(4):
045007. IOP Publishing. https://doi.org/10.1088/1478-
3975/8/4/045007

Scarpa E, Mayor R (2016) Collective cell migration in
development. JCell Biol 212(2):143-155. The Rock-
efeller University Press. https://doi.org/10.1083/jcb.
201508047

Segerer FJ, Thiiroff F, Alberola AP, Frey E, Rédler JO
(2015) Emergence and persistence of collective cell mi-
gration on small circular micropatterns. Phys Rev Lett
114(22):228102. American Physical Society. https://
doi.org/10.1103/PhysRevLett.114.228102

Sepiilveda N, Petitjean L, Cochet O, Grasland-Mongrain
E, Silberzan P, Hakim V (2013) Collective cell mo-
tion in an epithelial sheet can be quantitatively de-
scribed by a stochastic interacting particle model. PLoS
Comput Biol 9(3). https://doi.org/10.1371/journal.pcbi.
1002944

Shao D, Rappel W-J, Levine H (2010) Computational
model for cell morphodynamics. Phys Rev Lett
105(10):108104. https://doi.org/10.1103/PhysRevLett.
105.108104

Shao D, Levine H, Rappel W-J (2012) Coupling actin
flow, adhesion, and morphology in a computational
cell motility model. Proc Natl Acad Sci 109(18):6851—
6856. https://doi.org/10.1073/pnas.1203252109

Steinway SN, Zafiudo JGT, Ding W, Rountree CB, Feith
DJ, Loughran TP, Albert R, Albert R (2014) Network
modeling of TGFP signaling in hepatocellular car-
cinoma epithelial-to-mesenchymal transition reveals
joint sonic hedgehog and wnt pathway activation. Can-
cer Res 74(21):5963-5977. NIH Public Access. https://
doi.org/10.1158/0008-5472.CAN-14-0225


http://dx.doi.org/10.18632/oncotarget.8166
http://dx.doi.org/10.18632/oncotarget.8166
http://dx.doi.org/10.1063/1.5024874
http://dx.doi.org/10.1063/1.5024874
http://dx.doi.org/10.1016/j.pharmthera.2018.09.007
http://dx.doi.org/10.1016/j.pharmthera.2018.09.007
http://dx.doi.org/10.1172/JCI39104
http://dx.doi.org/10.1172/JCI39104
http://dx.doi.org/10.1063/1.5023410
http://dx.doi.org/10.1038/srep09172
http://dx.doi.org/10.1073/pnas.1318192110
http://dx.doi.org/10.1073/pnas.1318192110
http://dx.doi.org/10.1038/nrm2222
http://dx.doi.org/10.1038/nrm2222
http://dx.doi.org/10.1007/s10911-010-9178-9
http://dx.doi.org/10.1007/s10911-010-9178-9
http://dx.doi.org/10.1016/J.CELL.2016.06.028
http://dx.doi.org/10.1016/j.bpj.2010.01.030
http://dx.doi.org/10.1016/j.bpj.2010.01.030
http://dx.doi.org/10.1073/pnas.0705062104
http://dx.doi.org/10.1073/pnas.0705062104
http://dx.doi.org/10.1038/nphys3224
http://dx.doi.org/10.1016/j.bpj.2011.04.047
http://dx.doi.org/10.1016/j.bpj.2011.04.047
http://dx.doi.org/10.1038/ncb2917
http://dx.doi.org/10.1038/ncomms7556
http://dx.doi.org/10.1088/1478-3975/5/1/015002
http://dx.doi.org/10.1088/1478-3975/5/1/015002
http://dx.doi.org/10.1088/1478-3975/8/4/045007
http://dx.doi.org/10.1088/1478-3975/8/4/045007
http://dx.doi.org/10.1083/jcb.201508047
http://dx.doi.org/10.1083/jcb.201508047
http://dx.doi.org/10.1103/PhysRevLett.114.228102
http://dx.doi.org/10.1103/PhysRevLett.114.228102
http://dx.doi.org/10.1371/journal.pcbi.1002944
http://dx.doi.org/10.1371/journal.pcbi.1002944
http://dx.doi.org/10.1103/PhysRevLett.105.108104
http://dx.doi.org/10.1103/PhysRevLett.105.108104
http://dx.doi.org/10.1073/pnas.1203252109
http://dx.doi.org/10.1158/0008-5472.CAN-14-0225
http://dx.doi.org/10.1158/0008-5472.CAN-14-0225

1 Computational Modeling of Collective Cell Migration: Mechanical and Biochemical Aspects 11

Steinway SN, Zafiudo JGT, Michel PJ, Feith DJ, Loughran
TP, Albert R (2015) Combinatorial interventions In-
hibit TGFB-Driven epithelial-to-mesenchymal transi-
tion and support hybrid cellular phenotypes. Npj
Sys Biol Appl 1(1):15014. Nature Publishing Group.
https://doi.org/10.1038/npjsba.2015.14

Szabé A, Unnep R, Méhes E, Twal WO, Argraves
WS, Cao Y, Czirok A (2010) Collective cell motion
in endothelial monolayers. Phys Biol 7(4): 046007.
IOP Publishing. https://doi.org/10.1088/1478-3975/7/
4/046007

Tarle V, Ravasio A, Hakim V, Gov NS (2015) Model-
ing the finger instability in an expanding cell mono-
layer. Integr Biol (United Kingdom) 7(10):1218-1227.
Royal Society of Chemistry. https://doi.org/10.1039/
¢5ib00092k

Tarle V, Gauquelin E, Vedula SRK, D’Alessandro J, Lim
CT, Ladoux B, Gov NS (2017) Modeling collective
cell migration in geometric confinement. Phys Biol
14(3):035001. IOP Publishing. https://doi.org/10.1088/
1478-3975/aa6591

te Boekhorst V, Preziosi L, Friedl P (2016) Plasticity of
cell migration in vivo and in silico. Annu Rev Cell Dev
Biol 32(1):491-526. https://doi.org/10.1146/annurev-
cellbio-111315-125201

Vedula SRK, Peyret G, Cheddadi I, Chen T, Brugués A,
Hirata H, Lopez-Menendez H et al (2015) Mechan-
ics of epithelial closure over non-adherent environ-
ments. Nat Commun 6(January):6111. Nature Publish-
ing Group. https://doi.org/10.1038/ncomms7111

Vicsek T, Czir6k A, Ben-Jacob E, Cohen I, Shochet O
(1995) Novel type of phase transition in a system of

self-driven particles. Phys Rev Lett 75(6):1226—1229.
https://doi.org/10.1103/PhysRevLett.75.1226

Vishwakarma M, Di Russo J, Probst D, Schwarz US, Das
T, Spatz JP (2018) Mechanical interactions among fol-
lowers determine the emergence of leaders in migrating
epithelial cell collectives. Nat Commun 9(1):3469. Na-
ture Publishing Group. https://doi.org/10.1038/s41467-
018-05927-6

Wigner E, Seitz F (1933) On the constitution of metallic
sodium. Phys Rev 43(10):804-810. https://doi.org/10.
1103/PhysRev.43.804

Yang Y, Levine H (2018) Role of the supracellu-
lar actomyosin cable during epithelial wound heal-
ing. Soft Matter 14(23):4866—4873. https://doi.org/10.
1039/C7SM02521A

Zhang J, Tian X-J, Zhang H, Teng Y, Li R, Bai F, Elanku-
maran S, Xing J (2014) TGF-p-induced epithelial-
to-mesenchymal transition proceeds through stepwise
activation of multiple feedback loops. Sci Signal
7(345):ra91. American Association for the Advance-
ment of Science. https://doi.org/10.1126/scisignal.
2005304

Ziebert F, Swaminathan S, Aranson IS (2012) Model for
self-polarization and motility of keratocyte fragments.
J R Soc Interface 9(70):1084-92. The Royal Society.
https://doi.org/10.1098/rsif.2011.0433

Zimmermann J, Camley BA, Rappel W-j, Levine H
(2016) Contact inhibition of locomotion determines
cell — cell and cell — substrate forces in tissues. Proc
Natl Acad Sci 113(10). https://doi.org/10.1073/pnas.
1522330113


http://dx.doi.org/10.1038/npjsba.2015.14
http://dx.doi.org/10.1088/1478-3975/7/4/046007
http://dx.doi.org/10.1088/1478-3975/7/4/046007
http://dx.doi.org/10.1039/c5ib00092k
http://dx.doi.org/10.1039/c5ib00092k
http://dx.doi.org/10.1088/1478-3975/aa6591
http://dx.doi.org/10.1088/1478-3975/aa6591
http://dx.doi.org/10.1146/annurev-cellbio-111315-125201
http://dx.doi.org/10.1146/annurev-cellbio-111315-125201
http://dx.doi.org/10.1038/ncomms7111
http://dx.doi.org/10.1103/PhysRevLett.75.1226
http://dx.doi.org/10.1038/s41467-018-05927-6
http://dx.doi.org/10.1038/s41467-018-05927-6
http://dx.doi.org/10.1103/PhysRev.43.804
http://dx.doi.org/10.1103/PhysRev.43.804
http://dx.doi.org/10.1039/C7SM02521A
http://dx.doi.org/10.1039/C7SM02521A
http://dx.doi.org/10.1126/scisignal.2005304
http://dx.doi.org/10.1126/scisignal.2005304
http://dx.doi.org/10.1098/rsif.2011.0433
http://dx.doi.org/10.1073/pnas.1522330113
http://dx.doi.org/10.1073/pnas.1522330113

Luca Giomi

Abstract

The development of traction-force mi-
croscopy, in the past two decades, has
created the unprecedented opportunity of
performing direct mechanical measurements
on living cells as they adhere or crawl
on uniform or micro-patterned substrates.
Simultaneously, this has created the demand
for a theoretical framework able to decipher
the experimental observations, shed light on
the complex biomechanical processes that
govern the interaction between the cell and
the extracellular matrix and offer testable
predictions. Contour models of cellular
adhesion, represent one of the simplest
and yet most insightful approach in this
problem. Rooted in the paradigm of active
matter, these models allow to explicitly
determine the shape of the cell edge and
calculate the traction forces experienced
by the substrate, starting from the internal
and peripheral contractile stresses as well
as the passive restoring forces and bending
moments arising within the actin cortex
and the plasma membrane. In this chapter I
provide a general overview of contour models
of cellular adhesion and review the specific

L. Giomi (<)

Instituut-Lorentz, Universiteit Leiden, Leiden,
The Netherlands

e-mail: giomi@]orentz.leidenuniv.nl

© Springer Nature Switzerland AG 2019

®

Check for
updates

cases of cells equipped with isotropic and
anisotropic actin cytoskeleton as well as the
role of bending elasticity.

Keywords
Cell mechanics - Cell adhesion - Contour
models

In this chapter we review one of the simplest and
yet most insightful theoretical approach for mod-
eling the mechanics of cell-substrate interaction,
based on two-dimensional contour models. Intro-
duced by Bar-Ziv et al. to account for the pearling
instability in fibroblasts (Bar-Ziv et al. 1999)
and later systematically developed by Bischofs
et al. (2008, 2009) in the context of traction force
microscopy, this approach consists of modeling
cells adhering on uniform or micro-patterned
substrates as two-dimensional active gels subject
to internal and external forces. This approach
allows an explicit calculation of both the shape
of the cell and the traction forces exerted by the
cell on the substrate, under the assumption that
the time scale required for the equilibration of the
internal forces is much shorter than the typical
time required by the cell to move across the sub-
strate (i.e. minutes). The seemingly intractable
problem of predicting the shape of a living cell
is then brought into the realm of classical con-
tinuum mechanics, with the task of modeling the
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internal passive and active forces representing
the major technical challenge. Starting from the
original work by Bar-Ziv et al. (1999), much
progress has been made on incorporating into this
simple picture aspects of the mechanical com-
plexity of eukaryotic cells, including the bending
elasticity of the plasma membrane (Banerjee and
Giomi 2013) and the anisotropy of the actin
cytoskeleton (Pomp et al. 2018). Whether the
final product of this reductionist effort is still far
from providing a theoretical framework whose
predictive power is comparable with the most
recent computational approaches (Sabass et al.
2008), it nevertheless represents an indispensable
conceptual step toward a satisfactory understand-
ing of the physical properties of the cell.

From simple prokaryotes to the more
complex eukaryotes, living cells are capable of
astonishing mechanical functionalities (Janmey
and McCulloch 2007). They can repair wounded
tissues by locally contracting the extracellular
matrix (Midwood et al. 2004), move in a fluid or
on a substrate (Barry and Bretscher 2010), and
generate enough force to split themselves in two
while remaining alive (Tanimoto and Sano 2012).
Conversely, cell behavior and fate crucially
depend on mechanical cues from outside the
cell (Discher et al. 2005; Geiger et al. 2009;
Jiilicher et al. 2007; Mendez and Janmey 2012).
Examples include rigidity-dependent stem cell
differentiation (Engler et al. 2006; Trappmann
et al. 2012), protein expression regulated by
internal stresses (Sawada et al. 2006), mechanical
cell-cell communication (Reinhart-King et al.
2008) and durotaxis (Lo et al. 2000; Sochol et al.
2011). In all these bio-mechanical processes,
cells rely on their shape to gauge the mechanical
properties of their microenvironment (Ghibaudo
et al. 2009) and direct the traction forces exerted
on their surrounding (Schwarz and Safran 2013).

Immediately after coming into contact with
such a surface, many animal cells spread and
develop transmembrane adhesion receptors. This
induces the actin cytoskeleton to reorganize into
cross-linked networks and bundles (Burridge
and Chrzanowska-Wodnicka 1996; Burridge
and Wittchen 2013), whereas adhesion becomes
limited to a number of sites, distributed mainly
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along the cell contour (i.e. focal adhesions
Burridge and Chrzanowska-Wodnicka 1996).
At this stage, cells are essentially flat and assume
a typical shape characterized by arcs which
span between the sites of adhesion (Fig.2.1a),
while forces are mainly contractile (Schwarz
and Safran 2013). On timescales much shorter
than those required to change its shape, the cell
can be considered in mechanical equilibrium
at any point of its interface. Upon treating the
cell as a two-dimensional continuum separated
by the surrounding environment by a one-
dimensional interface, such an equilibrium
condition translates into the following force
balance relation at the cell cortex:

FltGou—E) N+ fou=0, (2D
where F is the stress resultant along the cell
cortex, the prime indicates differentiation with
respect to the arc-length of the cell edge (i.e.
F' = dF/ds), iout and ¥ in are the stress tensors
outside and inside the cell and f,, is an external
force per unit length, possibly resulting from a
deformation of the substrate. The cell contour is
parametrized as a plane curve spanned by the arc-
length s and oriented along the inward pointing
normal vector N (Fig.2.1b).

Equation (2.1) is the starting point of all con-
tour models of cellular adhesion as well as the
core of this chapter. Before embarking on an-
alyzing specific cases it is worth to stress that
Eq. (2.1) is rooted into the following two fun-
damental assumptions: (1) cellular motion occurs
adiabatically, because to the large separation of
time scales associated with force relaxation and
cell migration; (2) as a consequence of the flat
morphology of adherent cells, one can ignore
out-of-plane forces and reduce the dimension of
the problem from three to two.

In the remaining of this chapter, we will see
how different bio-mechanical scenarios result
in different choices of the forces and stresses in-
volved in Eq. (2.1) and how these affect the shape
of the cells and the traction forces experienced by
the substrate. The chapter is organized as follows:
in Sect.2.1 we review some simple concept on
plane curves and we fix a notation; in Sect.2.2
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Fig. 2.1 (a) Scanning electron micrograph of a smooth
muscle cell attached to an array of posts coated at the
tip with fibronectin. Scale bar 10 um. Adapted from Tan
et al. (2003). (b) Schematic representation of a contour
model of adherent cells. The cell edge is parameterized as
closed plane curve comprising concave arcs connecting

we introduce Bischofs’ et al. simple tension
model for isotropic contractile cells; in Sect. 2.3
we discuss the case of anisotropic cells in the
framework of the anisotropic tension model; in
Sect. 2.4 we explore the effect of bending elastic-
ity; Sect. 2.5 is devoted to conclusive remarks.

2.1 Mathematical Preliminaries

and Notation

Whereas different in the mechanical details, all
contour models of cellular adhesion revolve
around modeling cells as flat two-dimensional
objects whose edge can be mathematically
described as a closed, but not necessarily smooth,
plane curve. The geometry of plane curves can
be entirely described via a two-dimensional
version of the Frenet-Serret frame, consisting
of the tangent vector T and the normal vector N
(Fig.2.1b). Letting r = r(s) the position vector
of a curve in R?, parametrized via the arc-length
s, these are defined by the following identities:

r=TrT, T =«N, N = —«T,
2.2)
where k = K (s) is the local curvature of the

curve. Equation (2.2) describe how the orthonor-

Focal adhesion

pairs of adhesion points (blue dots). The geometry of the
arcs can be entirely described via the two-dimensional
Frenet-Serret frame consisting of the tangent vector T =
(cos @, sinf) and the normal vector N = (—sin6, cos8),
with 6 the turning angle

mal frame {T, N} rotates on the plane as we
move along the curve. Once « is assigned, in the
form of a differentiable function, the fundamen-
tal theorem of plane curves guarantees that the
corresponding curve is uniquely determined, up
to a rigid motion (do Carmo 1976). Furthermore,
the tangent vector can be parametrized through
a single scalar function & = 6(s), representing
the turning angle of 7. In a standard Cartesian
frame: T = (cos#@, sin#), then, using Eq. (2.2),
one finds ¥k = df/ds and:

r(s) = r(O)—l—_/.X ds’ [cosO(s") X + sinO(s) 3],
’ 2.3)

with 6(s) = 6(0) + fos ds x (s"). Expressing the
curvature of a plane curve as the derivative of
the turning angle 6, allows us to unambiguously
identify the sign of « (unlike in three dimen-
sions). Thus k > 0 (¢ < 0) implies that the
turning angle increases (decreases) as we move
along the curve, whereas reversing the orientation
of the curve changes the sign of «. If a closed
plane curve is oriented counterclockwise and the
turning angle is measured, as usual, with respect
to the x—axis, then k > 0 (k < 0) will then
corresponds to points where the curve is convex
(concave).



Closed curves, have a number of interesting
global properties that serve as important calcula-
tion tools in the later sections. The four vertex
theorem (DeTurck et al. 2007), is one of the
earliest results in global differential geometry and
states that the curvature of a simple, smooth,
closed curve on a plane has at least four vertices:
i.e. four extrema where d«/ds = 0 (specif-
ically two maxima and two minima). Another
fundamental property of closed plane curves is
expressed by the theorem of turning tangents (do
Carmo 1976; Gray 1997). Namely:

fds;c =2mm.

The integer m is called the rotation index of
the curve and measures how many times the
tangent vector turns with respect to a fixed di-
rection (Gray 1997). Simple closed curves have
thus m = 1, whereas a curve that loops twice
around its center (thus self-intersects once before
closing) has m = 2. If a simple closed curve
has kinks (i.e. singular points where the tangent
vector switches discontinuously between two ori-
entations), these will affect the total curvature as
follows:

2.4)

(2.5)

fds;c+219,- =2mm.

where ¥; is the external angle at each kink and the
summation runs over all the kinks. In the case of a
convex polygon, for instance, x = 0 and Eq. (2.5)
asserts that the sum of the external angles is equal
to 2m.

Finally, by virtue of the divergence theorem
in two dimensions, the area enclosed by a plane
curve can be expressed as a contour integral as

follows:
1
/dA:——y{dsN-r,
2

where the minus sign results from the convention
of choosing the normal vector directed toward the
interior of the curve.

(2.6)
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2.2  Simple Tension Model

At time scales when the cell is fully spread, the
forces generated by the actomyosin cytoskele-
ton are mainly contractile and this gives rise
to an effective tension that is transmitted to the
substrate thorough the focal adhesions (Bar-Ziv
et al. 1999). The actin cortex localized at the
cell periphery naturally resists to this inward
contraction by generating a competing contractile
force, which, in turn, balances the bulk con-
tractility leading to an equilibrium configuration.
The overall effect of actomyosin contractility and
adhesion on the shape of the cell was investigated
by Bischofs et al. in (2008, 2009) by mean of
a simple and yet very rich mechanical model
known as simple tension model.

If the contractile forces acting in the interior
of the cell are isotropic, the difference )A:Om — )A:in
between the stresses across the cell edge can be
reasonably approximated as an active pressure,
namely:

A

Yout — f:in = Ui, 2.7

where I is the two-dimensional identity matrix.
Similarly, the stress resultant produced by the
contraction of peripheral actin can be expressed
as F = AT, where A = A(s) is an effective
interfacial tension. In the absence of external
forces, Eqs. (2.1) and (2.2) yield:
MNT + (L +ko)N =0, (2.8)
along each individual cellular arc connecting two
consecutive adhesion points. Because T and N
are orthogonal, both terms must vanish. Thus,
mechanical equilibrium requires A = const and:

(2.9)

K =——,

A
where the negative sign reflects that the cell is ev-
erywhere concave, with exception for a discrete
number of adhesion points. The same result could
have also been obtained from a minimization of
an effective energy functional of the from:
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E[r]:kfds—i—afdA.

Indeed, upon performing a small normal vari-
ation of the curve, r — r + €N, standard
manipulations of Eq. (2.10) yield:

(2.10)

SE =E[r+eN]—E[r]=— QP ds (o + rx)e.

(2.11)
Thus Eq. (2.9) identifies a minimizer of the
energy functional Eq. (2.10). Equation (2.1) is,
however, more generic and, as we will see in
Sect. 2.3, allows to account for active stresses
that could not be constructed from variational
principles.

The quantities o and A are material parame-
ters that embody the biomechanical activity of
myosin motors in the actin cytoskeleton. Treat-
ing cells with pharmacological drugs able to
disrupt the cytoskeleton allow some degree of
manipulation of these quantities. Cells treated
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with Y-27632, a general inhibitor of the Rho-
kinase pathway, and blebbistatin, a specific in-
hibitor of nonmuscle myosin II, have been re-
ported to invaginate more than untreated cells,
suggesting a strong reduction of A accompanied
by the presence of a residual o (Bischofs et al.
2008). The competition between bulk and periph-
eral contractility along the cell boundary results,
therefore, in the formation of arcs of constant
curvature, through a mechanism analogous to
the Young-Laplace law for fluid interfaces. The
shape of the cell boundary is then approximated
by a sequence of circular arcs, whose radius R =
1/k might or might not be uniform across the
cell, depending on how the cortical tension A
varies from arc to arc (Fig. 2.2).

Although deliberately simple-minded, the pic-
ture outline so far is still sufficiently complex
to account for some of the peculiar mechanical
properties that are unique to living materials,
such as the ability of regulating the forces exerted
on a substrate depending on its stiffness. To

Fig. 2.2 Cell shape on micropatterned substrates. (a—c)
Arc-like contours composed of actin fibers characterize
the shape of BRL (a and b) and B16 cells (c¢) cultured
on substrates of micropatterned fibronectin dots. Cul-
tures were labeled for actin (green), paxillin (red), and
fibronectin (blue). Scale bars 10 wm. (a’¢’) For all cases,

arc-like contours fit well to circles determined by custom-
made software. (b and ¢) The circles spanning diagonal
distances show larger radii than the circles spanning the
shorter distances between neighboring adhesions. (Repro-
duced from Bischofs et al. 2008)
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appreciate this, let us consider again Eq. (2.1).
In between two adhesion points force balance
results in the invagination of the cellular arcs as
demanded by Eq. (2.9). At the adhesion points,
on the other hand, both contractile forces exerted
by the bulk and peripheral cytoskeleton are coun-
terbalanced by the substrate, so that f,(r) =
— Zi F vaction (r)8(r — r;), where the sum runs
over all adhesion points and the negative sign
reflects that the force exerted by the cell on
the substrate is equal and opposite to the force
exerted by the substrate on the cell. Thus, from
Eq. (2.1), we have:

3" Fuacion ()3 —ri) = (0 + AN, (2.12)

1

Note that both sides of this equation diverge at the
adhesion point as k — oo at a kink. In order to
calculate the traction force exerted by a specific
focal adhesion, one can approximate the kink as
a circle of radius €, hence curvatures k = 1/¢
(Fig.2.3a). Then, taking N = (cos ¢, sin ¢), with
—p < ¢ < ¢, integrating Eq. (2.12) along
the circle and taking the limit of ¢ — 0 yields
(Bischofs et al. 2009):

¢ A
Ftraction = ehil(l)/ d¢ € (o‘ —+ z) N
-

7,
= F(¢) + F(—¢) = 2X\cos Ex,
(2.13)

Fig. 2.3 (a) To calculate the traction force exerted by the
cell at a point of adhesion, it is convenient to approximate
a kink with a circular arc of radius € and take the limit of
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where ¥ = m — 2¢ is the opening angle of the
kink (Fig.2.3a).

This simple considerations illustrate the
essence of adaptive mechanical response in
cells. According to Eq. (2.13), the more acute
is the kink (the smaller is ) the larger is the
force exerted by the cell. The maximum traction
T = 2)x is attained when ¥ = 0, thus the kink
reduces to a cusp and all the tension exerted by
the peripheral actin is employed to deform the
substrate. Now, the opening angle ¢ at a given
adhesion point, is not a free parameter, but is set
by the curvature and the length of the cellular arcs
that are directly connected to it. To see this let us
consider a simple triangular cell whose adhesion
points are located at a distance d = 2R cos v,
with R = A/o and ¢ as illustrated in Fig. 2.3b,
from one another and let ¥ be the internal angle
of the triangle identified by the convex hull of
the cell at a specific adhesion point (Fig.2.3b).
The opening angle is then ¥ = © — 24/, with
¥ + ¥ = /2. Therefore:

s O . . 6
cos — =cosas1nw+sm3cos v,

> (2.14)

Finally, taking cosy¥ = do/(2)), one can ex-
press the traction force as:

do\ . ©
Ftraction =2A ﬁ s E

o

€ — 0. This procedure yields Eq. (2.13). (b) Illustration
of the calculation summarized by Egs. (2.14) and (2.15)



2 Contour Models of Cellular Adhesion

Thus, for fixed o and A values, the more distant
are the adhesion points, the more acute is the
opening angle and the larger is the force ex-
erted by the cell. Furthermore, if the substrate is
compliant, the distance d between focal adhesion
depends on how much it deforms under the effect
of traction forces. In particular, the softer the
substrate the closer are the adhesion points, the
weaker is the force exerted by the cell. Vice-
versa, on stiffer substrates d will be larger and
the cell is expected to exert more force. These
predictions, which are verified in experiments
with fibroblasts and endothelial cells plated on
continuous substrates of various rigidity (Lo et al.
2000; Yeung et al. 2005), provide a simple and
yet insightful example of how in the interplay
between cellular geometry and the active contrac-
tion provided by the actin cytoskeleton, can lead
to an adaptive mechanical behavior even in the
absence of biochemical regulation.

ib
Fig. 2.4 Relation between stress fibers and curvature of
the cell edge. (a) A cell with an anisotropic actin cy-
toskeleton (epithelioid GEB3) with circles (white) fitted to
its edges (green). The end-points of the arcs are identified
based on the forces exerted on the pillars. The actin
cytoskeleton is visualized with TRITC-Phalloidin (red).

Scalebar is 10 pm. (b) Curvature versus arc-length for a
specific cell (inset). Longer arcs, whose length is much

2.3  Anisotropic Tension Model

Many cells, including the fibroblastoids (GDg1,
GDB3) and epithelioids (GEB1, GEB3) displayed
in Fig.2.4a (Danen et al. 2002; Pomp et al.
2018), develop directed forces by virtue of the
strong anisotropic cytoskeleton originating from
the actin stress fibers (Burridge and Wittchen
2013; Pellegrin and Mellor 2007). This scenario
is, evidently, beyond the scope of the simple
tension model reviewed in Sect.2.2. In these
cells, the longer arcs appear indeed prominently
non-circular, as indicated by the fact that their
curvature smoothly varies along the arc by a
factor two (Fig.2.4b). On the other hand, the
average radius of curvature of the cellular arcs
appears significantly correlated with the orienta-
tion of the stress fibers. In particular, the radius
of curvature decreases as the stress fibers become
more perpendicular to the cell cortex (Fig. 2.4c).
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larger than their average radius of curvature (i.e. L >
1/|x]), are evidently non-circular as indicated by the fact
that their curvature smoothly varies by a factor two along
the arc. (¢) Arc radius as a function of the sine of the angle
Osr — ¢, between the local orientation of the stress fibers
and that of the distance between the adhesion points (data
show the mean =+ standard deviation). (Adapted from
Pomp et al. 2018)
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This correlation is intuitive as the bulk contractile
stress focusses in the direction of the stress fibers.

The anisotropy of the actin cytoskeleton can
be incorporated into the contour models by
modelling the stress fibers as contractile force-
dipoles. As it is known from the literature on
active fluids (Pedley and Kessler 1992; Simha
and Ramaswamy 2002), this collectively gives
rise to a directed contractile bulk stress, such that

A

Poui — i = ol + ann, (2.16)
with « > 0 the magnitude of the directed
contractile stress and n = (cos 6sg, sin Osg) the
average direction of the stress fibers (Fig.2.4c
inset). The ratio between isotropic contractility o
and directed contractility & measures the degree
of anisotropy of the bulk stresses. With this stress
tensor the force balance equation (2.1) becomes:

AT+ (0 + )N +a@m-Nn=0. (2.17)
A
a_ |
’—Isotropic stress
C I Directed stress
100
w80
ug 60
g =
E 40
Z 2 ol
BT Ilm.
-90° 0° 90°

acllipsc - GSF

Fig. 2.5 The anisotropic cytoskeleton is reflected in the
elliptical shape of the cell edge. (a) Schematic representa-
tion of our model for Osg = /2. A force balance between
isotropic stress, directed stress and line tension results
in the description of each cell edge segment (red curve)
as part of an ellipse of aspect ratio a/b = ,/y, unique
to each cell. The cell exerts forces Fo and F;| on the
adhesion sites (blue). (b) An epithelioid cell (same cell as
in Fig. 2.4) with a unique ellipse (yellow) fitted to its edges

L. Giomi

Because n has, in general, non-vanishing projec-
tions on both the tangent and normal directions
of the cell edge, this condition implies that in
the presence of an anisotropic cytoskeleton, the
cortical tension A is no longer constant along the
cell cortex.

It is useful to introduce a number of simplifi-
cations, with the goal of highlighting the physical
mechanisms entailed in Eq. (2.17). As the ori-
entation of the stress fibers varies only slightly
along a single cellular arc, one can assume 6Osp
to be constant along each arc, but different, in
general, from arc to arc. Moreover, as all the arcs
share the same bulk, we consider the bulk stresses
o and « uniform throughout the cell. Let us then
look at a specific cellular arc and, without loss
of generality, choose to orient the cell in such a
way the stress fibers are parallel to the y—axis.
Thus d9sg = m/2 (Fig.2.5a). Using Eq. (2.2)

and taking advantage of the fact that n does not
change along the arc, one can express all terms

(green). The end-points of the arcs are identified based on
the forces exerted on the pillars. The orientations of the
major axes (yellow lines) are parallel to the local orienta-
tions of the stress fibers. Scalebar is 10 um. (¢) Histogram
Of Oellipse — Osk, With Geyiipse the orientation of the major
axis of the fitted ellipse and Osr the measured orientation
of the stress fibers. The mean of this distribution is 0° and
the standard deviation is 36°. (Reproduced from Pomp
et al. 2018)
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in Eq. (2.17) as total derivatives and integrate the
equation directly. This yields:

AT + (ol +ann) -rt = C,. (2.18)
where rt = (—y,x) and C; = (Cy,, Cyy) is
an integration constant. Then, using n = y and
T = (cos 6, sin0), we can simply this as:

AcosO =Cy +o0y (2.19a)

Asinf = Cy — (a + 0)x, (2.19b)
from which, using tanf = dy/dx and integrat-
ing, we obtain a general solution of the force-
balance equation in the form:

2 2C 2C
NG X)

y o
where y = o/(¢ + o) and C, is another in-

tegration constant. Notice that, if both ¢ and o
are positive for a contractile system, y < 1.
Eq. (2.20) describes an ellipse whose minor and
major semi-axes are a = /yC; and b = /C;
respectively and whose center is determined by
C,. For simplicity, we can choose the origin of
our reference frame to coincide with the center
of the ellipse, so that C; = 0. Using again
Eq. (2.19) with tanf = —x/(yy), we can further
obtain an expression for the cortical tension as a
function of the turning angle 6, namely:

A2 1 +tan’ 6
— =0 —. (2.21)
o2 1+ ytan2d

This expression highlights the physical mean-
ing of the constant C,. As the right-hand side
attains its minimal values when 6 = 0, thus
when tangent vector is perpendicular to the stress
fibers, C, is related with the minimal tension A,
withstood by the cortical actin, namely C, =
)»rznm /o2, so that the shape of the cellular arc is
described by the implicit equation:

o 2
2 =1, (2.22)
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and the tension withstood by the cortical actin is
given, as a function of the turning angle, by:

1 + tanZ 6
A= Apin, | ————————. 2.23
mn\/ 1 + y tan2 0 (2.23)

In summary, in the presence of directed stresses
the equilibrium conformation of the cell edge
consists of arcs of an ellipse of semi-axes a =
VY Amin/o and b = Apin/o and whose major
axis is parallel to the stress fibers. The dimen-
sionless quantity y highlights the interplay be-
tween the forces experienced by the cell edge and
its shape: on the one hand, y characterizes the
anisotropy of the bulk stress, on the other hand it
determines the anisotropy of the cell shape.

The key prediction the anisotropic tension
model is illustrated in Fig. 2.5b, where the con-
tour of the same cell shown in Fig. 2.4a has been
fit with ellipses (Pomp et al. 2018). Whereas
large variations in the circles’ radii were re-
quired in Fig.2.4a, a unique ellipse (y = 0.52,
Amin/0 = 13.4um) faithfully describes all the
arcs in the cell. Figure 2.5¢ shows the distribution
of the difference between the orientation Ocjjipse
of the major axis of the fitted ellipse and the
measured orientation Osg of the stress fibers. The
distribution peaks at 0° and has a width of 36°,
demonstrating that the orientation of the ellipses
is parallel, on average, to the local orientation of
the stress fibers as predicted by the model.

The traction forces Fg and F| can be straight-
forwardly calculated from Eqgs. (2.17) and (2.23)
in the form:

Fy . A
= (Bsing + ¢ cosp) x
+ (—gcosqb +¢ sinqb) ¥y, (224a)
F, . A
- = (Bsing —{cosp)x
B . A
+ —;cosqb—;smqb Y, (2.24b)
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where:
f = d [ I+tan?¢ B2
2 ¢= l4+ytan2¢p
(2.25)

Here d is the distance between the positions of
both forces on the ellipse, b is the major semi-
axis of the ellipse and ¢ is the angle that the line
through both points makes with the x —axis (see
Fig.2.5a).

2.4  The Effect of Bending

Elasticity

The contour models reviewed in Sects.2.2
and 2.3 postulate that the stresses arising in the
actin cortex are purely contractile, thus tangential
to the cell edge. Non-tangential stresses can
build up as a consequence of the bending
elasticity of the actin cortex as well as the plasma
membrane. The effect of bending elasticity was
considered in Banerjee and Giomi (2013) in
order to account for the prominent polymorphism
observed in experiments on cardiac myocytes
adhering to substrates of varying stiffness
(Chopra et al. 2011). In this work, myocytes
grown on substrates having material properties
mimicking physiological stiffness (5-10kPa),
were observed to spread less and develop convex
and well rounded morphologies. In contrast,
while plated on stiffer gels or glass, the same cell
type is more likely to exhibit a concave shape and
greater spread area. This crossover from convex
to concave, in particular, cannot be explained
from the simple tension model or the anisotropic
tension model discussed in the previous sections,
as these lack of passive restoring forces able
to contrast the formation of the highly curved
regions (i.e. kinks) that characterize a closed
plane curve whose curvature k is everywhere
negative. In this respect, bending elasticity is the
most natural choice among possible restoring
mechanisms.

From a theoretical perspective, the problem
arising by incorporating bending elasticity in a
contour model of adherent cells, directly relates
with another classic problem in mechanics: find-
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ing the shape of an infinitely long elastic pipe
subject to uniform later pressure. This problem
was formulated by Maurice Lévy in 1884 (Lévy
1884) and for over a century drew the attention
of many researchers, due to its tremendous rich-
ness of polymorphic and multistable solutions
(Arreaga et al. 2002; Djondjorov et al. 2011;
Flaherty et al. 1972; Giomi 2013; Giomi and
Mahadevan 2012; Mora et al. 2012; Tadjbakhsh
and Odeh 1967; Vassilev et al. 2008). Unlike
the classic Lévy problem, however, the model
proposed here for adhering cells does not involve
any constraint on the length of the boundary,
which is then only solely constrained by the
adhesion with the substrate (Giomi 2013). This
feature, introduces in the model a number of cru-
cial mechanical properties, including an adaptive
bending stiffness of the cell boundary.

As it is known from classical elasticity of rods
(see e.g. Landau and Lifshitz 1970), a slender
structure forced to bend on the plane, is subject
to a moment resultant

M = Bkz. (2.26)
with B the bending stiffness and « the curva-
ture, with the usual sign convention introduced
in Sect.2.1. Furthermore, the local balance of
bending moments (Landau and Lifshitz 1970)
requires:

M +TxF=0. (2.27)

Now, taking F = F;yT + FyN, with Fr and
Fy the tangential and normal components of the
stress resultant, and using T x N = Z, one can
cast Egs. (2.1) and (2.27) into:

Bk’ + Fy =0,
(2.28a)

F]/"_KFN‘i‘T'(iout_iin)'N+T'fext:O’
(2.28b)

KFT—i-F;V-f—N'(iout_iin)'N+N'fext:0‘
(2.28¢)

To make progress we restrict ourselves to cells
with discrete rotational symmetry (Fig. 2.6a) and
isotropic cytoskeleton. In this case one can as-
sume f. = fexN. Then, Egs. (2.7), (2.28a) and
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(2.28b) yield:

1
F = (x - EBKZ) T — B«'N, (2.29)

whereas Eq.(2.28c) yields an equation for the
curvature k:

1
B <K” + E"3> — A —0 — for =0. (2.30)

For f.x = const this is the equation dictating
the shape of an infinitely long pipe subject to
a uniform pressure, or, alternatively, of a planar
elastica spanned by a capillary film (Giomi and
Mahadevan 2012; Mora et al. 2012). Unlike these
examples, however, the length of the cell edge is
not fixed and shall be determined from the bal-
ance between contractility, bending elasticity and
the elastic response of the substrate embodied in
the force per unit length fu,.

To illustrate this last point, we can consider the
simplified case in which peripheral contractility
is negligible (i.e. A & 0) and the cell periphery
continuously adhere to the substrate along the
cell edge. As there is no special direction on the
plane, we can assume the cell to be a circle of
radius R centered at the origin. The force per
unit length resulting form the deformation of the
substrate, can then be expressed in the simple
form:
ks (R — Ro)
Jox = V.
where k; is the elastic stiffness of the substrate,
Ry is the radius of the cell before this starts
stretching the substrate (i.e. once adhesions are
formed and contractile forces start to build up)
and £ = 27 R is the cell perimeter. Thus, setting
k = 1/R in Eq. (2.30) yields the following cubic
equation:

(2.31)

(ks +2m0)R> — ksRoR*> — 7B =0, (2.32)
The equation contains two length scales, Ry and
& = (B/o)'/?, and a dimensionless control
parameter k; /o expressing the relative amount of
adhesion and contraction. For very soft anchoring
ks <« o and Eq. (2.32) admits the solution
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R = £/2'3. Thus non-adherent cells or cells
adhering to extremely soft substrates (i.e. k;, =
0), are predicted to have a radius of curvature
that scales as R ~ o~'/3. The same scaling
law is also predicted using active cable network
models of an adherent cell (Torres et al. 2012).
If the cell is rigidly pinned at adhesion sites,
ks > o and R — R,. For intermediate values of
ky/o the optimal radius R interpolates between
& and Ry and is an increasing function of the
substrate stiffness k;, in case & < Ry, or a
decreasing function if £ > Ry. For & = Ry,
the lower and upper bound coincide, and the
solution is R = Ry. In particular, the case Ry >
& reproduces the experimentally observed trend
that cell projected area increases with increasing
substrate stiffness before reaching a plateau at
higher stiffnesses (Chopra et al. 2011; Engler
et al. 2004; Yeung et al. 2005). The asymptotic
behavior and various limits of the solution are
well captured by the interpolation formula:

ks R 6
Rk o+6moé

2.33
k; + 610 ( )

indicating that larger surface tension, hence
larger cell contractility o leads to lesser
spread area, consistent with the experimental
observation that myosin-II activity retards the
spreading of cells (Wakatsuki et al. 2003).
Standard stability analysis of this solution under
a small periodic perturbation in the cell radius
shows that the circular shape is always stable for
any values of the parameters o, k; and Ry.

For cells adhering to discrete number of ad-
hesion sites, one can show that the circular so-
lution for the cell boundary is never stable. For
simplicity, we assume that N4 adhesion sites are
located at the vertices of a regular polygon of
circumradius Ry (Fig.2.6a). The force per unit
length exerted by the substrate is then:

Ny—1

Jext = —ks Z 8(s —iL)[r(s) — Rol, (2.34)

i=0

where L the distance between consecutive adhe-
sion points and r(s) = |r(s)|. Using again the
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Fig. 2.6 Cell anchored onto three pointwise adhesions
located at the vertices of an equilateral triangle. (a) For
small contractility values, the cell contour is everywhere
convex with constant width. (b) When the contractility

L. Giomi

reaches a critical value oy, cell contour is purely concave
with cusps at adhesion points. (¢) For o > o0y, cusps gives
rise to protrusion of length £. (Adapted from Banerjee and
Giomi 2013)
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Fig. 2.7 Cell anchored onto three pointwise adhesions
located at the vertices of an equilateral triangle. (a) Cur-
vature versus arc-length for chg/B = 10, k; Rg = 50
and N4 = 3. The circles are obtained from a numerical
solution of Eq. (2.30), while the solid lines corresponds to
our analytical approximation. (b) The end-point curvature
ko at the adhesion points as a function of the substrate
stiffness for various contractility values. The points are

rotational symmetry of the problem, we can as-
sume that the substrate is stretched at all adhesion
points by the same amount. Then r(s) — Ry
A = const and Eq. (2.30) reduces to:

B //+13
K 2K

Integrating Eq. (2.35) along an infinitesimal
neighborhood of the i-th adhesion point, one
finds the following condition for the derivative of
the curvature at the adhesion points:

Ny—1
—Ak—0 4k A Z S(s—iL) = 0.
i=0
(2.35)

(2.36)

Substrate stiffness

ﬁ Substrate stiffness T}u
obtained from numerical simulations while the solid lines
correspond to our analytical approximation. (c¢) The total
cell length £ as a function of adhesion stiffness. For small
stiffnesses the cell boundary form a curve of constant
width (lower inset) and £ = 7w, with w the width of
the curve. This property breaks down for larger stiffnesses
when inflection points develops (upper inset). (Repro-
duced from Banerjee and Giomi 2013)

The local curvature of the segment lying between
adhesion points is, on the other hand, determined
by the equation:

A o

ICN —KS——K——
+2 B B

0, (2.37)

with the boundary conditions : x (iL) = x((i +
1)L) = kg, withi = 1, 2... N4 and x( a con-
stant to be determined. Without loss of generality
we consider a segment located in the interval 0 <
s < L. Although an exact analytic solution of
this nonlinear equation is available (e.g. Banerjee
and Giomi 2013), an excellent approximation can
be obtained by neglecting the cubic nonlinearity
(Fig.2.7a). With this simplification, Eq. (2.35)
admits a simple quadratic solution of the form:
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K(s) = Ko + % s(s — L). (2.38)

Egs. (2.38) and (2.36) immediately allow us to
derive a condition on the cell perimeter, namely

ks A
L= .
o

(2.39)

This leads, furthermore, to a linear relation be-
tween traction force Fiaciion = ks A\, and cell size:

Fiaction = 0 L, (2.40)
which is indeed observed in traction force mea-
surements on large epithelial cells (Mertz et al.
2012).

To determine the end-point curvature kg, one
can use the turning tangents theorem for a simple
closed curve, Eq. (2.4), which requires fOL dsk =
2m /N 4. This leads to following relation between
local curvature and segment length, or equiva-
lently traction force, at the adhesion sites:

_ oL? n 2
T 12B  N4L'

Ko 2.41)

A plot of kg as a function of the substrate stiffness
is shown in Fig.2.7b. Finally, to determine the
optimal length of the cell segment L, we are
going to make use of a remarkable geometrical
property of the curve obtained from the solution
of Eq. (2.35) with discrete adhesions: the fact
of being a curve of constant width (Gray 1997).
The width of a curve is the distance between the
uppermost and lowermost points on the curve
(see lower inset of Fig.2.7c). In general, such
a distance depends on how the curve is ori-
ented. There is however a special class of curves,
where the width is the same regardless of their
orientation. The simplest example of a curve
of constant width is clearly a circle, in which
case the width coincides with the diameter. A
fundamental property of curves of constant width
is given by the Barbier’s theorem (Gray 1997),
which states that the perimeter £ of any curve
of constant width is equal to width w multiplied
by m: £L = mw. As illustrated in Fig.2.7c, this
is confirmed by numerical simulations for low to
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intermediate values for contractility and stiffness.
With our setting, the cell width is given by:

w = (Ry—A) (1 + cos N1)+h (%) L (2.42)

A

where h(s) = [jds’ sin6(s") is the height of
the curve above a straight line between two ad-
hesions points (Fig.2.7a) and

§ o
0(s) = | ds'k(s) =8 — s2(2s—-3L
(s) /(; s'Kk(s") o+KoS+ B s“(2s )
(2.43)

the usual turning angle (Fig.2.1b). For small
angles & can be approximated as :

h(s) = s(L —s) [m ——s(L

(2.44)

Using this, Eq. (2.42) and the Barbier’s theorem
with L = N4L allow us to obtain a quartic
equation for the cell length:

NyL - T R oL
= cos — —
P Na 07 2k,

Figure 2.8 shows plots of the traction Fiaction =
oL with L determined by solving Eq. (2.45).
These results support the experimental trend
that traction force increases monotonically with
substrate stiffness k; before plateauing to a finite
value for higher stiffnesses (Ghibaudo et al.
2008; Mitrossilis et al. 2009). The plateau value
increases with increasing contractility (Fig. 2.8a).
Traction force grows linearly with increasing
contractility for o RS /B <« 1, before saturating to
the value k; R at large contractility oRS /B >1,
as shown in Fig.2.8b. Equation (2.13) is also
consistent with experimentally observed trend
that reducing contractility by increasing the
dosage of myosin inhibitor Blebbistatin, leads
to monotonic drop in traction forces (Mitrossilis
et al. 2009).

For low to intermediate values of o and k;, cell
shape is convex and has constant width. Upon
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Fig. 2.8 Traction force as a function of substrate stiffness
(a) and contractility (b) obtained from a numerical solu-
tion of Eq. (2.35). Solid curves denote the approximate

Fig. 2.9 Phase diagram in
o-kg plane showing
optimal configuration
obtained by numerical
minimization of the energy

(2.10) for N4 = 3. . 5@

(Adapted from Banerjee Q

and Giomi 2013) >
=
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C
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increasing o above a k;—dependent threshold,
however, the cell boundary becomes inflected
(see Fig.2.9 and upper inset of Fig.2.7c). Ini-
tially, a region of negative curvature develops
in proximity of the mid point between two ad-
hesions, but as the surface tension is further
increased, the size of this region grows until
positive curvature is preserved only in a small
neighborhood of the adhesion points. Due to the
presence of local concavities, the cell boundary
is no longer a curve of constant width.

If o is further increased, the inflected shape
collapses giving rise to the star-shaped configu-
rations shown in upper right corner of Fig.2.9.
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These purely concave configurations are made
by arcs whose ends meet in a cusp. The cusp is
then connected to the substrate by a protrusion
consisting of a straight segment stretching until
the adhesion point rest position, so that A = 0
(Fig.2.6c) and, consistent with Eq. (2.36), x =
const = 0 at the adhesion point. Unlike the previ-
ous transition from convex to non-convex shapes,
this second transition occurs discontinuously and
is accompanied by a region of bistability (see
Banerjee and Giomi (2013) for further detail).
Away from the protrusion, the curvature has still
the form given in Eq. (2.38), with ko = 0 so
that the boundary is everywhere concave or flat
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and the bending moment M = BkZz does not
experience any unphysical discontinuity at the
protrusions origin.

The length of the protrusion can be readily
obtained using a similarity transformation. This
construction, first investigated by Flaherty et al.
(1972) for the original Lévy problem, relies on
the invariance of Eq. (2.37) under the following
scaling transformation:

K
{s,k, 1,0} —> {As, XA F} . (2.406)
with A a scaling factor. Calling then oy the value
of o at which the protrusion have zero length,
the shape of the cell edge at any o > o9 can
be constructed starting from the reference shape
illustrated in Fig. 2.6b as follows. First one calcu-
lates the scaling factor A = (0¢/0)!/? associated
with the new o value. The reference shape is
then rescaled by A in such a way that the cusps
are now disconnected from the original adhesion
points. Finally, the cusps and the adhesion points
are reconnected by straight segments of length
£, = Ro(1 — A) (since Ry is the circumradius of
the reference shape and A Ry that of the rescaled
shape). This latter step, ultimately allows us to
formulate a scaling law for the length of protru-
sions, namely:

V4 00\ 3
IR (—) . (2.47)
R() (o8

This transition from a smooth shape to a self-
contacting shape with cusps is reminiscent of the
post-buckling scenario of an elastic ring subject
to a uniform pressure, but unlike this case, where
the system undergoes a continuous transition
from a simple curve to a curve with lines of
contact, here the transition is discontinuous along
both the loading branch (increasing k) and the
unloading branch (decreasing k). The transition
has moreover a strong topological character since
it involves a jump in the rotational index of the
curve, whose total curvature after the transition
becomes:
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f dsk =m(2— Ny),
oM

by virtue of Eq. (2.5). Some further detail about
the geometry of protrusions in this model can be
found in Banerjee and Giomi (2013).

2.5 Concluding Remarks
In this chapter we have reviewed a simple the-
oretical framework for modeling the mechanical
aspects of cell-substrate interaction. Several ex-
perimental works have demonstrated the latter
to play a critical role in regulating a variety of
cellular processes, from morphogenesis, motility,
to cell linage and fate. While adhering to the
extracellular matrix, cell develop specific mor-
phologies depending on the geometrical and me-
chanical properties of their micro-environment.
In turn, the forces arising inside the cell in re-
sponse to this structural reorganization, drive bio-
chemical cascades that not only feedback on the
mechanical cell-matrix interaction, but also influ-
ence other processes such as cell cycle control
and differentiation. Whereas the extraordinary
complexity of these biomechanical pathways is
still elusive, much progress has been made in
understanding how the presence of actively gen-
erated contractile forces, on the one hand, and
the absence of hard geometric constraints, on
the other, give rise to a whole new class of
mechanical phenomena commonly found in liv-
ing systems, such as adaptivity, polymorphism,
multistability etc. The simple contour models
reviewed in this chapter, have given an important
contribution in this respect, as they allow to cast
the problem in a form that is often analytically
tractable, thanks to the reduced dimensionality.
Whereas insightful under many respects, con-
tour models do not give access to the dynamics of
the molecular process involved in cell adhesion
and migration, such as the association dissocia-
tion events in the adhesion clusters or the reg-
ulation of myosin expression in the presence of
various mechanical cues. This create the demand
for a more comprehensive theoretical framework,
where the continuum mechanics standpoint of
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contour models could be integrated into a multi-
scale approach able to account for the mechan-
ical, biochemical and genetic aspects of cellular
organization alike.
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Abstract

Cells apply forces to their surroundings to
perform basic biological activities, including
division, adhesion, and migration. Similarly,
cell populations in epithelial tissues coordi-
nate forces in physiological processes of mor-
phogenesis and repair. These activities are
highly regulated to yield the correct develop-
ment and function of the body. The modifi-
cation of this order is at the onset of patho-
logical events and malfunctions. Mechanical
forces and their translation into biological sig-
nals are the focus of an emerging field of
research, shaping as a central discipline in
the study of life and gathering knowledge at
the interface of engineering, physics, biology
and medicine. Novel engineering methods are
needed to complement the classic instruments
developed by molecular biology, physics and
medicine. These should enable the measure-
ment of forces at the cellular and multicellular
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level, and at a temporal and spatial resolution
which is fully compatible with the ranges
experienced by cells in vivo.

Keywords

Traction force microscopy - Collective
migration - Epithelia - Acto-myosin
contractility - Nano-printing

3.1 From Mesenchymal
Migration to Collective

Motion

Differentiated epithelial layers in the human body
generate a continuous barrier that lines the inner
and outer surface of all organs (e.g. lungs, mam-
mary glands, intestine, and kidneys) and body
cavities, including the luminal side of blood and
lymphatic vessels (i.e. the endothelium). They
exert a filtering activity that ensures protection,
separation, sensing and transport. In quiescent
epithelia, each constituent cell performs its func-
tion while anchored to the local basal matrix
and to the neighboring cells, and therefore with
relatively little movements. However, epithelial
cells retain the ability to migrate to great dis-
tances, which can be unleashed by a breach in the
monolayer continuity as in wound healing, or by
the emergence of malignant behavior as in car-
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cinoma (Friedl and Gilmour 2009). Importantly,
when epithelial cells part of a confluent layer
migrate, they do so as a collective which moves
in a coordinated and coherent fashion (Holmes
1914; Arboleda-Estudillo et al. 2010). The emer-
gence of collective migration is orchestrated by
a number of physical and molecular factors with
complex interactions. Such intrinsic complexity
is the reason why an integrative paradigm for
collective migration remains elusive (Park et al.
2016).

The migration of isolated epithelial cells
across flat substrates has been the subject
of successful investigations, which led to the
definition of a general pattern (Ridley et al. 2003;
Lauffenburger and Horwitz 1996). Mesenchymal
migration (Fig. 3.1) can be conceptualized as a
sequential process involving four steps:

1. Initial cell polarization driven by localized
actin polymerization which is then followed
by the extension of a leading edge.

2. Once the leading edge contacts the extracel-
lular matrix (ECM) components coating the
surface, specific adhesion receptors of the in-
tegrin family start to cluster inducing the for-
mation, stabilization and maturation of cell-
substrate adhesions.

3. At this point actomyosin-mediated cell con-
tractility tests the relative strength of adhe-
sions established along the cell.

4. The loss of weak posterior adhesions is fol-
lowed by retraction of the rear edge and net
forward movement of the cell.
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The establishment of this in vitro model of
migration paved the way to fundamental studies
revealing the biological mechanisms involved
(Hynes 1992). In the last decade, with the help of
the advancement of patterning nano and micro-
technologies, it was also possible to demonstrate
that, besides the well characterized biological
signaling, a spatially-overlapping but distinct set
of guidance cues is encoded by the physical
properties of the substrate (Ferrari and Cecchini
2011). The mechanical rigidity, the density of
adhesion points and the surface topography are
independently read by cells in a process requiring
a direct interaction with the surrounding mi-
croenvironment and thus termed contact guid-
ance (Geiger et al. 2009).

This knowledge served as a platform to iden-
tify the role of cellular machineries establishing
contact with the substrate (the integrin adhe-
sions; (Geiger et al. 2009)), generating contrac-
tile forces (the actomyosin complex; (Ji et al.
2008; Petrie and Yamada 2015)) or responding
to molecular (gradients of soluble molecules;
(Keller 2012)) or physical (i.e. density of ad-
hesion points (Arnold et al. 2008), rigidity (Lo
et al. 2000), surface topography (Biela et al.
2009)) directional stimuli. In addition, the es-
tablished model of mesenchymal migration pro-
vided a reference to resolve alternative migration
modalities, which are adopted by specific cell
types (Lammermann and Sixt 2009; Paluch et al.
2016).

In particular, a number of studies in both
normal and tumor cells (Lo et al. 2000; Pel-
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Fig. 3.1 Mesenchymal migration across 2D substrates.
(1). Cell polarization is obtained through the extension
of an actin-supported membrane protrusion at the lead-
ing edge. (2). The protrusion contacts the substrate and
strong adhesions develop at the leading edge, while weak

Nucleus

non-muscle myosin-Il

adhesions are established at the rear. (3). Non-muscle
myosin-II accumulates along actin filaments and gener-
ates contractility along the cell body. (4). Adhesions at the
rear are lost, resulting in a net forward movement of the
cell
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ham Jr and Wang 1997; Tzvetkova-Chevolleau
et al. 2008; Wozniak et al. 2004; Zeng et al.
2006) revealed that increasing the substrate stift-
ness within a specific range (i.e. elastic modulus
variations between 10 and 10,000 kPa; (Ferrari
and Cecchini 2011)) induces a phenotype char-
acterized by the stabilization of cell-substrate
adhesions and by the activation of actomyosin
contractility. Additionally, gradients in the elastic
modulus drive migration toward regions of higher
stiffness (durotaxis), implying that specific cell
machineries act as mechanosensors during mi-
gration (Geiger et al. 2009; Lo et al. 2000).
Similarly, the development of techniques to pre-
cisely control the number and density of adhesion
points (Glass et al. 2003) provided much infor-
mation regarding the establishment and matura-
tion of integrin-based adhesions and revealed that
cells polarize and migrate toward areas of higher
ligand density (distance between adhesion points
ranging from 15 to 250 nm; (Arnold et al. 2008,
2009; Cavalcanti-Adam et al. 2007)). Finally, the
application of lithographic techniques, and par-
ticularly of soft and imprint lithography, yielded
the generation of biocompatible substrates bear-
ing textures in the nano and micrometer range
(down to tens of nm; (Shin 2007)). This approach
paved the way to studies investigating the role
of topographical features of controlled size, ge-
ometry, anisotropy and disorder in controlling

isolated cells early confluent

GAS-like

FLUID-like

PROLIFERATION

Fig. 3.2 Phases of epithelial migration. Isolated epithe-
lial cells (green) on a flat substrate migrate randomly
(the red arrows indicate the amplitude and direction
of migration) diffusing like a gas. When contact be-
tween neighboring cells is established long-range, fluid-
like motion arises. As the monolayer matures and cell

differentiated layer

JAMMING
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the migratory behavior of fibroblasts, osteoblast,
neurons and several other cell types including
stem cells and tumors (Biela et al. 2009; Bet-
tinger et al. 2009; Dalby 2005; Teixeira et al.
2003). Importantly, all these findings relied on
fabrication protocols allowing (i) the independent
manipulation of the physical parameter under
study, (ii) the control over a range of values
relevant to cells, and (iii) the possibility to pattern
large surface areas (mm? to cm?).

Based on this model, it is possible to describe
isolated epithelial cells adhering to a planar sub-
strate. In the absence of physical restrictions, the
cells will spread and proliferate in the attempt
to occupy the entire available space. The low
level of interaction between cells supports a sus-
tained motility, which in a fully isotropic environ-
ment displays a gas-like mesenchymal diffusion
(Fig. 3.2).

When cell density becomes sufficient to
cover the entire substrate, and therefore achieve
confluency, the migration speed begins to
decrease (Garcia et al. 2015). Cells are now
physically confined by the neighbors and cell-
to-cell junctions are established (St Johnston
and Sanson 2011; Dejana 2004). Collective
motion, that is the coherent migration of groups
of cells in the same direction at the same time,
appears (Angelini et al. 2011). In this phase,
the monolayer dynamics is reminiscent of a fluid

wound healing

SOLID-like FLUID-like

H H B
UNJAMMING

density increases cell migration becomes restricted by
neighboring cells and motion ceases while the system
solidifies. In specific conditions, such as in the presence
of a wound or in the emergence of a malignant cancer,
collective migration reawakens and enables healing or
invasion
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(Garrahan 2011). Collective movements decrease
with increasing cell density eventually leading to
the generation of a mature epithelium where cells
assume a characteristic cobblestone shape (St
Johnston and Sanson 2011), are stably confined,
and largely immotile. This transition to a solid-
like state, identified as jamming, is characteristic
of mature and functional epithelia (Sadati et
al. 2013). In specific conditions, collective cell
motility can be re-activated and the system
unjammed. This occurs during wound healing
or upon invasion of healthy tissues by groups of
carcinoma cells (Friedl and Gilmour 2009). The
molecular and physical mechanisms governing
these complex transitions are not captured by
models developed for individual cells. High-
throughput genetic approaches have identified
the molecular pathways active during collective
motility (Fig. 3.2; (Simpson et al. 2008; Vitorino
and Meyer 2008)), but even with all this knowl-
edge at hand, several fundamental questions re-
main to be answered (Park et al. 2016). The main
reason for this is the absence of an integrated
physical picture enabling the interpretation or
even the prediction of experimental results.

In this chapter we will review the most
promising experimental models and techniques
to study epithelial collectives (Sect. 3.2).
Particular attention will be dedicated to traction
microscopy and related methods to access the
forces involved in the actuation and regulation
of emergent collective activities. Based on the
available knowledge, the current paradigms of
epithelial motility in dense systems will be
reviewed (Sect. 3.3). Finally, the endothelium
will be treated in a separate section, to highlight
the specific differences sustaining the function
of this tissue in the regulation of mass transfer
(Sect. 3.4).

3.2 Experimental Approaches
to Visualize and Study

Collective Migration

To shed light on the complexity subtending emer-
gent epithelial phenomena, researchers have de-
veloped novel experimental approaches that cap-
ture collective cell behaviors (Fig. 3.3). Initial
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protocols based on live cell imaging of model
epithelial monolayers (mostly MDCK cells) cul-
tured of flat substrates to retrieve spatial and tem-
poral maps of structural (i.e. cell shape and num-
ber) and kinematic (speed and directionality of
cell movements) parameters at different length-
scales (Angelini et al. 2011; Petitjean et al. 2010;
Zaritsky et al. 2015). Image post-processing gen-
erally relied on particle image velocimetry (PIV)
for the measurement of velocities and on man-
ual or semi-automated cell segmentation for the
extraction of cells shapes and numbers. There-
fore, the analysis was strictly dependent on the
imaging resolution and was difficult to upscale or
parallelize.

The visualization of forces actuating cellular
movements added a critical overlapping layer
of information to this picture (Fig. 3.4). It was
made possible by works which extended clas-
sic traction force microscopy (TFM) techniques
to whole epithelial sheets (Trepat et al. 2009;
Brugues et al. 2014).

Historically, TEM refers to a family of optical
methods capturing the deformations induced by
cell-generated tractions on compliant substrates
(Polacheck and Chen 2016). Due to the impor-
tance of cell migration in development, home-
ostasis and pathology, in the past years, several
methods have been developed to estimate cellular
forces propelling cell migration.

These methods can be generally divided into
continuum or discrete substrate approaches. Con-
tinuum substrate methods are based on moni-
toring the elastic response of a substrate as a
continuum. The displacement of any location
on the substrate is coupled to the displacements
of its neighboring points. Therefore, the entire
deformable surface of the substrate acts as force
sensor, reporting cellular tractions.

The first successful attempts to visualize cell
traction were conducted in reconstituted collagen
gels. Fibroblasts were mixed with collagen
and casted to obtain a disc. Over time the
reduction of the disc diameter was recorded and
linked to the cell contractile activity (Bell et al.
1979). This protocol rendered qualitative results
averaged on multiple cells within a macroscopic
specimen but failed to measure the forces applied
by single cells. At the same time an alternative
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Stress ellipses +
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Fig. 3.3 Technologies for the study of collective epithe-
lial motion. Epithelial monolayers grown on flat, trans-
parent substrates are imaged with live-cell microscopy.
Particle image velocimetry (PIV) and image segmentation
are used to obtain spatially and temporally resolved mea-
sures of cell number and morphology, as well as speed
and directionality. These parameters are used to obtain
values of density and velocity correlation. Traction force
microscopy (TFM) uses deformation of compliant sub-
strates to calculate the actuating forces generated by cells
through focal adhesions. Monolayer stress microscopy

technique exploited thin silicone films (made
of polydimethylsiloxane-PDMS) as substrates
for traction force estimation. Chicken fibroblasts
were seeded on silicone membranes floating
in growth medium (Harris et al. 1980). Cell
adhesion and contraction induced visible
wrinkling of the PDMS membrane that could
be easily captured by bright field microscopy and
related to the forces exerted by cells (Fig. 3.5).
This approach had several intrinsic limitations.
Wrinkles took long to develop and could be

PIV

Average stress map

(MSM) uses the same images to derive junctional tensions
between cells. All these parameters can be obtained on
the same monolayer thus yielding overlapping maps.
Immunohistochemistry (IHC) reveals the localization and
activation state of molecular elements for which reliable
live-cell reporters are not available (e.g. phosphorylated
proteins). Current TFM and MSM methods are not com-
patible with the generation of overlapping IHC maps.
(Adapted from Garcia et al. (2015), Tambe et al. (2011),
and Trepat et al. (2009))

larger than cells, resulting in poor spatial and
temporal resolution. Additionally, due to the non-
linear relationship between forces and wrinkle
geometry, a quantitative force analysis proved
very complex. Thus, both the wrinkling substrate
and the collagen disc assay must be regarded
as qualitative approaches unable to provide a
reliable force measurement.

The first cell traction assay yielding a reliable
quantification of forces was developed by the
laboratory of K. Jacobson (Lee et al. 1994).
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Fig. 3.4 Schematic of a
migrating cell and the
tractions it generates on the

substrate Frictional
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Fig. 3.5 Different principles of traction force assays. (a):
A keratocyte from gold fish wrinkles a silicone sub-
strate (Burton et al. 1999); (b): Fluorescent microspheres
embedded in polyacrylamide substrates are used for the
detection of substrate surface deformation as a result off

The method was based on the visualization of
cell-induced substrate displacements through de-
tectable markers introduced in the substrate. The
resulting displacement maps were combined with
novel quantitative descriptions of the mechanical
response of the substrate and resulted in a reason-
able estimation of traction forces (Lee et al. 1994;
Dembo et al. 1996; Oliver et al. 1995, 1999).
To date, this is still a commonly applied method
to detect and calculate cell-generated traction
forces. The deformable substrates are usually
made of silicone or polyacrylamide (PAA) gels
while the displacement markers are latex beads
(detected in bright field microscopy) or fluores-
cent microspheres (detected in fluorescent mi-
croscopy). The markers are dispersed randomly
upon polymerization of the gel (Fig. 3.5b). Cells
are then seeded on the surface after specific coat-
ing with ECM proteins. The functional principle
relies on tracking the displacement of the marker
beads using an optical microscopy setup. From
these displacements, the traction forces can be

forces exerted by a NIH 3 T3 fibroblast (Munevar et al.
2001); (c¢): A NIH 3 T3 fibroblast spread on a regular
fluorescent array on PAA (Polio et al. 2012) (d): PDMS
pillars are deflected by a smooth muscle cell (Tan et al.
2003); Scale bars: 10 wm

calculated, given an accurate continuum model of
the substrate based on its mechanical properties
and geometry. Studies using displacement-based
continuum assays have reported cellular traction
stresses in the order of 0.2—-10 kPa (Franck et
al. 2011; Gutierrez et al. 2011; Munevar et al.
2001; Rape et al. 2011). When combined with 3D
imaging techniques, this method is also capable
of detecting and measuring out-of-plane defor-
mations, which can arise from both, in-plane and
out-of-plane forces (Hur et al. 2009; Legant et al.
2013; Maskarinec et al. 2009).

Among the major drawbacks of this method
is the uncertainty on the original position of the
beads, which introduces the necessity of a Zero-
force reference image to calculate the displace-
ment. To obtain such a reference, the cell(s) under
analysis must be removed from the substrate
(via enzyme detachment or cell lysis), thereby
releasing the applied tension and allowing the
markers to return to their original position. While
further improvements to this method were intro-
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duced with comprehensive continuum theories,
3D finite elements analysis, and more precise de-
tection, the need for a reference image represents
an intrinsic limitation for the dynamic study of
cellular forces (Butler et al. 2002; Yang et al.
2006).

Reference-free continuum approaches have
been developed featuring microcontact printed
regular arrays patterning an elastic PAA gel
with fluorescent fibronectin regions (Fig. 3.5¢),
thus creating islands to which cells can adhere.
Deformations of the original pattern were
recorded and used to extrapolate forces (Polio
et al. 2012). However, the spatial resolution
of this method is limited by the patterning
protocol (lateral spacing: 5 pm). Additionally,
cell adhesion was restricted to the fibronectin
islands, thus not providing a homogeneous
adhesive surface for the cell (similar to the
discrete methods described below). A different
approach in this direction used microfabrication
techniques to pattern fluorescent photoresist
on synthetic elastomers (Balaban et al. 2001).
While the lateral resolution of this method is
improved (2 wm), although still not optimal, the
photoresist islands (thickness: 300 nm) create
topographic and mechanical inhomogeneity
in the substrate which substantially alters
the cell activities thus introducing biological
artifacts (Curtis and Wilkinson 1997). With the
improvement of microfabrication techniques
alternative possibilities emerged to tackle the
potential drawbacks of continuum methods.
Traction forces generated from fibroblasts were
measured using arrays of micro machined
cantilevers (Galbraith and Sheetz 1998). The
deflection of the cantilevers by single focal
adhesions allowed the quantitative measurement
of adhesion forces at these contacts. Cantilevers
are however only able to measure forces in a
single point and along one direction and thus
cannot assess the full complexity of adhering
cells (Wang et al. 2007).

Discrete Methods A powerful approach emerged
in the last decade exploiting photoresist and
etching techniques to produce arrays of elastic
PDMS pillars or posts. The pillar array was used
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as fakir-bed substrate for cell adhesion by coating
the flat pillar-tops with ECM proteins. Upon
cell adhesion pillars of given height, diameter
and PDMS composition can bend (Fig. 3.5d).
Similarly, to the cantilever method described
above, the pillar deflection can be optically
tracked and used to calculate the forces applied
by the cells with straightforward geometrical
assumptions (Tan et al. 2003). In this method
the spatial resolution is drastically increased
and is only limited by the minimal inter-pillar
distance that can be reliably fabricated (4—
10 wm). This technology provides a reference-
free dynamic force sensor array and has been
used to demonstrate fundamental aspect of focal
adhesion maturation and disassembly. It has
e.g. been used to measure the forces exerted
per FA in various cell types, ranging from 1 to
10 nN per FA (Fu et al. 2010). In addition to the
intrinsic limitation to the detection of planar, 2D
forces, the pillar array represents a discontinuous
adhesive and a strongly structured (intrusive)
substrate, both of which can modify cell behavior
as compared to continuum substrates. Therefore,
despite providing an elegant and precise method
to measure forces, this approach still brings
with it considerable inherent limitations and
may introduce significant artifacts (Curtis and
Wilkinson 1997).

A highly-sensitive, high resolution and
reference-free continuum method to measure
substrate deformations and render cell-generated
traction forces in 3D has been recently developed
by our lab (Fig. 3.6). Our method opens the
application of TFM to a vast range of biological
contexts, ranging from single cell migration to
the generation or re-generation of multicellular
tissues (Bergert et al. 2016).

In summary, the use of TFM has been in-
strumental to reveal unexpected force patterns
propelling the advancement of epithelial edges
during wound healing or other specific epithelial
activities (reviewed in the next sections (Trepat
et al. 2009, 2010)). In addition, the groups of
Prof. Fredberg and Prof. Trepat have recently
introduced a computational method to extract
values of inter-cellular tension from maps of
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Fig. 3.6 Overview of confocal TFM (cTFM; Bergert et al. 2016)

substrate tractions (Tambe et al. 2011; Kim et
al. 2013). Monolayer stress microscopy (MSM)
derives the intercellular tensions through a bal-
ance of forces within the cell monolayer (Fig.
3.3). This process introduces several simplify-
ing assumptions which limit its applicability to
specific experimental conditions such as model
wound healing (Tambe et al. 2013). Access to
this additional layer of information highlighted
the existence of fundamental modes of migration
typical of epithelial collectives.

It is now evident that a number of physical
and molecular elements must be considered when
approaching the study of collective epithelial
migration. Typical examples are the jamming and
unjamming transitions of epithelia. The genera-
tion of an integrative environment where all the
independent parameters can be decoupled and
integrated within a physical framework shall be
readily applied to the study of master molecu-
lar regulators for the interpretation of specific
physiological or pathological phenomena. This
basic knowledge is not restricted to fundamental
biology but has already demonstrated its po-
tential in understanding the behavior of epithe-
lial tissues during pathological events such as
the response to compressive stresses in asthma
(Park et al. 2015). Further important applications

include the investigation of the role of genes
which are deregulated in cancer patients and that
may be implicated in the metastatic invasion of
carcinoma (Tam and Weinberg 2013) or on the
effect of disturbed hemodynamic conditions in
the development of cardiovascular pathologies.
The extent to which these cellular activities are
relevant for the in vivo development or pro-
gression of disease is yet to be determined and
will be the subject of great future attention by
multidisciplinary studies.

3.3 Intrinsic Types of Collective

Epithelial Migration

In the following paragraphs the basic parameters
and descriptors which can be used to define typ-
ical collective responses in epithelial monolayers
will be reviewed. The measurements and evalua-
tion of these variable are useful to distil specific
patterns of migration, force generation, or cell
shape change which can be used as fingerprints
of innate epithelial responses.

Spatially and temporally resolved values of
cell speed or root-mean-square (rms) velocity
(vrms), and of time dependent velocity-velocity
spatial correlation (C),), angular correlation and
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correlation length (&,,) can be obtained applying
a particle image velocimetry (PIV)-based ap-
proach to time-lapses of collective cell migration
(Milde et al. 2012). These time-resolved images
are acquired by means of transmission imaging,
on reconstituted epithelial monolayers on flat,
transparent substrates.

The workflow applies a set of local and global
filtering and registering operations followed by a
PIV analysis of the optical flow. These operations
enable a robust quantification of cell migration
dynamics. Values of cell density (p) and shape
(defined as p = (cell perimeter)/,/(cell area)) are
harvested as a function of space and time using
segmentation and tracking algorithms (Tarnawski
et al. 2013).

This analysis requires additional fluorescent
images of cells expressing a nuclear marker
(as for example Histone-2B-GFP, (Panagio-
takopoulou et al. 2016)) or stained with a live
dye (e.g. SiR-Hoechst; (Lukinavicius et al.
2015)). The resulting integration of mechanical,
kinematic, and structural data enables their
correlation at various length and time scales. The
additional level of information retrieved becomes
immediately available to validate physical
models which capture the motion of individual
cells in a monolayer or of global activities such
as cell jamming and unjamming (Bi et al. 2015).
Examples include, but are not limited to:

e The physiological principle of plithotaxis
foresees the tendency of each individual
cell within a fluid-like epithelial collective
(Fig. 3.2) to adapt its shape and motion
in order to minimize the local intercellular
shear stress (Tambe et al. 2011). Detection
of this guidance mechanism requires access
to correlated values of p, junctional tension,
and v,,s. This analysis is useful in resolving
alternative guidance mechanisms that drive
collective motion in the presence of external
directional stimuli including chemotaxis
(guidance by gradients of soluble molecules),
durotaxis (by gradients of substrate rigidity;
(Sunyer et al. 2016)) and haptotaxis (gradients
of adhesion points; (Arnold et al. 2008)).
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¢ In the presence of an open space (such as
a wound) epithelial cells tend to align their
substrate tractions in the direction of wound
closure (Kim et al. 2013). Cells following this
principle, named kenotaxis, are revealed by
correlated analysis of substrate tractions, p,
and V.

* Self-propelled particle models link the jam-
ming transition to a solid-like phase (Fig.
3.2) with an increase of density (Vicsek et
al. 1995). This passage is anticipated by the
emergence of collective particle motions in
the monolayer. Correlations between experi-
mental measures of p, C,,, and &,, provide a
direct validation for these models (Garcia et
al. 2015).

e Unjamming phenomena and reactivation of
cell streaming in confluent epithelia (i.e. at
constant density) are typical of embryonic de-
velopment (Schotz et al. 2013). These transi-
tions are captured by vertex models encoding
single-cell properties such as cells shape and
cell-cell adhesion (Bi et al. 2015). Correlation
between experimental measures of p, substrate
tractions, intercellular tension and &,, are re-
quired for the experimental validation of these
models (Park et al. 2016).

3.4 The Strange Case

of the Endothelium

Although both the endothelium and epithelium
act as barriers between different compartments
(Kinne 1997), there are major differences be-
tween them, including the location, structure, and
functions of the two cell types forming these in-
terfaces (Dejana 2004; Kinne 1997). Endothelial
cells that form the endothelium in a single thin
layer of cells, lacking the tight packed morphol-
ogy of epithelial cells. This specific configuration
allows the controlled passage of molecules of
water and oxygen to access the surrounding tis-
sues. The integrity of endothelial monolayers is
fundamental for the homoeostasis of the vascular
system and plays an important role in its physi-
ological function (Dejana et al. 2009). Indeed, it
provides a functional barrier to retain circulating
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blood, to control blood-tissue exchanges, to re-
cruit blood cells, and to regulate vascular tone.
Endothelial tissue integrity is ensured by the
formation of adhesive structures (endothelial
junctions) between adjacent cells (Dejana 2004;
Lampugnani et al. 2018). These junctional
complexes maintain homeostasis of blood
vessels, while retaining their capacity to
reorganize during angiogenesis. Both adherens
and tight junction complexes, connecting
adjacent cells, are characterized by a high
degree of plasticity. They can rapidly respond to
extracellular environmental changes, such as pro-
and anti-angiogenic, and inflammatory stimuli,
shear stress and blood flow inducing substantial
and reversible alterations of the endothelial
barrier functions (Orsenigo et al. 2012). The
adherens junction protein Vascular Endothelial
(VE)-cadherin is an endothelial-specific adhesion
molecule located at junctions of endothelial
cells and responsible for barrier architecture and
function (Lampugnani et al. 2018). VE-cadherin
is a transmembrane protein that promotes
homophilic interactions, forming a pericellular
zipper-like structure along cell boundaries. The
association of the C-terminus domain of VE-
cadherin with cytoplasmic proteins is needed
for its adhesive functions (Lampugnani et al.
2018). Through its cytoplasmic tail, VE-cadherin
binds both cytoskeletal and signaling proteins,
which in turn allow the anchoring of cadherin
to the actin microfilaments and the activation of
outside-in signaling (Lampugnani et al. 1995).
The association with actin is required for the
maintenance of cell shape and polarity, cell
movement, stabilization of the junctions and the
dynamic regulation of their opening and closure
(Oldenburg and de Rooij 2014). Hemodynamic
forces, including flow-generated wall shear stress
(WSS) and wall deformation (WD) create a
complex mechanical environment that impacts
on the cellular signals and on the stability of
cell-to-cell junctions (Gimbrone Jr 1999) thus
coordinating individual endothelial cells in
the collective control of vascular homeostasis
(McCarron et al. 2017). Endothelial junctions
need therefore to be structurally and functionally
dynamic, by locally rearranging their continuous
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organization to create and close intercellular gaps
(Orsenigo et al. 2012; Dejana et al. 2017).

Endothelial cell motility is occurring during
development as well as in many patho-
physiologies in the adult life (Krenning et al.
2016; Guerrero and McCarty 2018). Collective
motility of interacting cells is the central feature
of these phenomena. These movements are
required for important processes such as vasculo-
genesis, angiogenesis, wound healing and revas-
cularization of injured tissues. Upon mechanical
damage, endothelial collective migration is criti-
cal to restore an intact monolayer to maintain the
functions of the vasculature. Collective migration
is characterized by cohesive group of cells that
remain physically and functionally connected
through cadherin-based junctions coordinating
their actin dynamics and intracellular signaling
(Yang et al. 2016; Wimmer et al. 2012). This
multicellular structural and functional unit is
polarized, generates traction and protrusion
forces, and deposits and remodels extracellular
matrix along the migration route (Friedl and
Gilmour 2009). In this multicellular context,
cells coordinate migration with adjacent cells
ensuring efficient collective movement (Vitorino
and Meyer 2008; Rupp et al. 2004; Vitorino et al.
2011). To synchronize this dynamic equilibrium,
cells use signaling systems that integrate different
responses from growth factor receptors, cell-to-
cell junctions, and cell-extracellular matrix inter-
actions (Pignatelli 1998; Gupton and Waterman-
Storer 2006; Ogita and Takai 2008). Collective
cell migration requires the establishment of a
hierarchy of cellular identities that coordinates
the movement of the cells (Fig. 3.7).

During sprouting angiogenesis, which occurs
in physiological and pathological conditions, or
wound healing (Gerhardt 2008), a single en-
dothelial leader cell (tip cell) guides nascent
vessels and is followed by other endothelial cells
(stalk cells) (Friedl and Gilmour 2009; Herbert
and Stainier 2011). The tip cell is highly motile,
it is localized at the protrusion of growing vessels
and displays an aggressive phenotype character-
ized by marked stress fibers, enlarged focal con-
tacts and ruffling lamellipodia that translate guid-
ance cues into directional migration (Phng et al.
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Fig. 3.7 Schematic of the
different cellular identities
that characterize sprouting
angiogenesis

SPROUTING ANGIOGENESIS

STALK CELL

VE-cadherin-based
junctions

TIP CELL

[ Direction of Migration

2013). The stress fibers physically link endothe-
lial cells together through the adherens junction
complexes to transmit mechanical forces.

The tip cells is then followed by the stalk
cells, characterized by proliferative activity,
which elongate the vessel sprout to form the
main trunk of the developing vessel (Jacobs and
Gavard 2018). How this hierarchical organization
is established and sustained is one of the key
factor to understand the process of collective
cell migration. Tip and stalk differentiation
is driven and regulated by VEGF (vascular
endothelial growth factor) and Notch signaling
pathways. In particular, extracellular gradient
of VEGF activates VEGF receptor signaling in
tip cells that, in turn, induces the expression
of Notch ligand Delta-like 4. This, in turn,
activates Notch signaling in stalk cells, and in
parallel suppresses VEGF signaling in stalk
cells to prevent tip cell behavior (Herbert and
Stainier 2011). However, tip and stalk cell fates
are not permanently defined. Indeed, there is a
competition between endothelial cells that causes
cell position exchange and triggers the dynamic
switch between tip and stalk cell phenotypes both
in vitro and in vivo (Jakobsson et al. 2010). Thus,
the directionality of the guided sprouting process

is not succeeded at the single cellular level of a
tip cell, but is the overall result of a collective
behavior. Due to the complexity of the range
of motions coupled between endothelial cells
which results in the overall collective migration,
this process is still not completely understood
and a better knowledge would be essential for
the development of novel therapeutics and tissue
engineering approaches that can be used to treat
endothelial dysfunction and vascular diseases.
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Abstract

Collective cell migration plays a central role
in tissue development, morphogenesis, wound
repair and cancer progression. With the grow-
ing realization that physical forces mediate
cell motility in development and physiology, a
key biological question is how cells integrate
molecular activities for force generation on
multicellular scales. In this review we dis-
cuss recent advances in modeling collective
cell migration using quantitative tools and
approaches rooted in soft matter physics. We
focus on theoretical models of cell aggregates
as continuous active media, where the feed-
back between mechanical forces and regula-
tory biochemistry gives rise to rich collective
dynamical behavior. This class of models pro-
vides a powerful predictive framework for the
physiological dynamics that underlies many
developmental processes, where cells need to
collectively migrate like a viscous fluid to
reach a target region, and then stiffen to sup-
port mechanical stresses and maintain tissue
cohesion.
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4.1 Introduction

In many physiological and developmental con-
texts, groups of cells coordinate their behavior to
organize in coherent structures or migrate collec-
tively (Friedl and Gilmour 2009). Many experi-
mental studies have established that these mul-
ticellular processes are regulated by the cross-
talk between cell-cell adhesions, cell interaction
with the extracellular matrix, and myosin-based
contractility of the cell cortex (Ladoux and Mege
2017). Importantly, faithful execution of multi-
cellular processes requires both biochemical sig-
naling and mechanical force transmission.

A well-studied multicellular process is wound
healing, where epithelial cells march in unison
to fill in a gap in the tissue (Begnaud et al.
2016; Fenteany et al. 2000). Although the
cells at the front of the advancing monolayer
often show large, spread-out lamellipodia and
an almost mesenchymal phenotype, long-range
collective migration is not simply achieved via
the pulling action of such leader cells on a sheet
of inert followers (Trepat et al. 2009). In fact,
traction forces transmitted to the extracellular
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matrix are found to remain significant well
behind the leading edge of the tissue, indicating
that cells in the bulk participate in force
generation and transmission. This observation,
together with the presence of spread-out cells
with large cryptic lamellipodia throughout
the monolayer (Farooqui and Fenteany 2005),
indicates that, although leader cells at the sheet
edge provide guidance for migration, they do
not play a unique role in force generation.
Instead, a new paradigm has emerged where
collective migration is associated with long-
range forces extending throughout the tissue,
with waves of propagating mechanical stress
that are sustained by biochemical signaling at
the molecular scale (Serra-Picamal et al. 2012;
Trepat et al. 2009). These waves of stress and
cellular deformation provide a mechanism for
information transmission, much like sound in air.
Such mechanical waves have been shown to drive
periodic cycles of effective stiffening and fluid-
ification in expanding cell monolayers (Serra-
Picamal et al. 2012) and coherent vortical or
standing motions in confined ones (Deforet et al.
2014; Doxzen et al. 2013; Notbohm et al. 2016).
Multicellularity and collective migration is
intimately related to the materials properties of
tissues — viscoelastic materials with both fluid
and solid-like behavior. In morphogenesis, for
instance, cells must sort and flow like a liquid
to reach the right location, but then stiffen and
support mechanical stresses once the tissue has
achieved the desired structure (Lecuit et al.
2011). Recent experiments have suggested that
dense tissues may be in a glassy or jammed state,
where local cell rearrangements are rare and
energetically costly. A relatively small change
in tissue mechanical parameters may trigger a
change from an elastic response to viscous fluid-
like behavior, where individual cells are highly
motile and rearrange continuously (Angelini
et al. 2010, 2011). Indeed living tissues appear
to have well-defined mechanical properties,
some familiar from conventional matter, such as
elastic moduli (Discher et al. 2005) and surface
tension (Foty et al. 1994), others unique to living
systems, such as homeostatic pressure, proposed
theoretically as a factor controlling tumor
growth (Shraiman 2005; Basan et al. 2009).
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Just like intermolecular forces yield the
emergence of materials properties in nonliving
matter, cell-cell interactions, mediated by
cadherins, play a crucial role in controlling the
macroscopic properties of groups of cells and
tissues (Maruthamuthu et al. 2011; Mertz et al.
2013). The collective mechanics of living matter,
however, is more complex than that of inert
materials as individual cell activity competes
with cell-cell interactions in controlling the large
scale behavior of cell assemblies. In addition,
physical models of collective cell behavior
must also incorporate interactions of cells
with the extracellular matrix. In other words,
the coupling of cells to their surroundings is
affected by intracellular contractility and cell-
cell interactions, which in turn can be actively
regulated by the environment, in a complex
feedback loop unique to living matter. Finally,
unlike inert materials where phase changes
are controlled by externally tuning parameters
such as temperature and density, living matter
can tune itself between states with different
macroscopic properties through the regulation
of molecular scale and genetic processes that
drive motility, division, death and phenotypical
changes. A quantitative understanding of
the relative importance of mechanical and
biochemical mechanisms in controlling the
collective tissue properties is beginning to
emerge through developments in molecular
biology, microscopy, super-resolution imaging
and force measurement techniques (Roca-
Cusachs et al. 2017). These advances provide
an ideal platform for constructing quantitative
physical models that account for the role
of active cellular processes in controlling
collective mechanics of motile and deformable
multicellular structures.

Theoretical modeling of multicellular
processes can be divided broadly into two
classes. The first encompasses discrete mesoscale
models that incorporate some minimal features of
individual cells, such as contractility and motility,
and then examine how cell-cell interactions and
coupling to the environment determine materials
properties at the tissue scale. This class includes
models of cells as active particles endowed with
persistent motility (Basan et al. 2013; Camley
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and Rappel 2017), as well as models that have
been used extensively in developmental biology,
such as Vertex (Fletcher et al. 2014; Honda and
Eguchi 1980), Voronoi (Bi et al. 2016; Li and
Sun 2014) and Cellular Potts models (Graner
and Glazier 1992) that are designed to capture
the behavior of confluent tissues, where there
are no gaps nor overlaps between cells. Vertex
and Voronoi models describe cells as irregular
polygons tiling the plane and are defined by an
energy functional that tends to adjust the area and
perimeter of each cell to target values (Farhadifar
et al. 2007). Recent modifications have also
endowed these mesoscopic models with cell
motility (Barton et al. 2017; Bi et al. 2016;
Staddon et al. 2018) and active contractility (Noll
et al. 2017). Vertex models have been employed
successfully to quantify how intercellular forces
control shape at both the cell and tissue scale
under the assumption of force balance at every
vertex of the cellular network (Farhadifar
et al. 2007). An active version of the Voronoi
model was recently shown to exhibit a liquid-
solid transition of confluent epithelia tuned by
motility and cell shape, which in turns encodes
information about the interplay between cortex
contractility and cell-cell adhesion (Bi et al.
2016). An intriguing prediction of this work is
that individual cell shape, that can be inferred di-
rectly from cell imaging segmentation, provides
a measure of tissue rigidity (Bi et al. 2015).

The second class of theoretical work
encompasses continuum models, such as phase
field (Ziebert et al. 2011) and active gel
models (Prost et al. 2015), where a cell sheet
is described as a fluid or an elastic continuum,
with couplings to internal degrees of freedom that
account for active processes, such as contractility
and cellular polarization. Continuum models
have been shown to account for the heteroge-
neous spatial distribution of cellular stresses
inferred from Traction Force Microscopy (Style
et al. 2014) in both expanding (Banerjee and
Marchetti 2011a; Blanch-Mercader et al. 2017;
Serra-Picamal et al. 2012; Trepat et al. 2009)
and confined monolayers (Notbohm et al. 2016),
and even at the level of individual cells (Oakes
et al. 2014). They also capture the mechanical
waves observed in these systems (Banerjee et al.
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2015; Serra-Picamal et al. 2012). This review
does not aim to be comprehensive, and will
focus on models of tissue as active continuous
media, with an emphasis on models that describe
tissue as active elastic continua. This class of
mechanochemical models has had a number of
successes in capturing the tissue scale behavior in
adherent (Mertz et al. 2012), confined (Notbohm
et al. 2016) and expanding epithelia (Banerjee
et al. 2015).

Both the mesoscale and continuum ap-
proaches do not attempt to faithfully incorporate
intracellular processes, but rather aim at
characterizing quantitatively the modes of
organization and the materials properties of
cell collectives in terms of a few macroscopic
parameters, such as cell density and shape, cell-
cell adhesiveness, contractility, polarization and
division/death rates. Each of these quantities
may describe the combined effect of a number
of molecular processes and signaling pathways.
This approach, inspired from condensed matter
physics (Marchetti et al. 2013), aims at providing
experimentalists with testable predictions that
may allow to correlate classes of signaling
pathways to tissue scale organization.

The review is organized as follows. In
Sect.4.2 we describe a dynamical model of
cell collectives as active viscoelastic media,
coupled to the dynamics of active intracellular
processes such as actomyosin contractility
and cell polarization. An important aspect of
the model is a dynamic feedback between
mechanical stresses and regulatory biochemistry
which gives rise to rich collective behavior.
In Sect.4.3 we discuss applications of this
class of continuum models to describing force
transmission in epithelial monolayers, waves in
expanding cell sheets, collective cell migration
in confinement and during epithelial gap closure.
We then compare the quantitative predictions of
viscoelastic solid models with fluid models of
tissues in Sect. 4.4, describing their equivalence
as well as highlighting the key differences.
We conclude with a critical discussion of the
continuum model limitations and highlight
open theoretical questions in understanding the
collective behavior of multicellular assemblies
(Sect. 4.5).
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Cells as Active Continuous
Media

4.2

We begin by considering the mechanics of a
monolayer of epithelial cells, migrating on
a soft elastic matrix (Fig.4.la-b), with an
average height 4 much thinner than in-plane
cell dimensions (Banerjee and Marchetti 2011a,
2012; Schwarz and Safran 2013). In mechanical
equilibrium, the condition of local force-balance
translates to dg X = 0, where X is the three-
dimensional stress tensor of the monolayer, with
greek indices taking values x, y and z. In-plane
force balance is given by

0;5ij + 0%, =0, @.1)

with i, j denoting in-plane coordinates. For a thin
cell monolayer we average the cellular force-
balance equation over the cell thickness #. We
assume that the top surface of the cell is stress
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free, ¥;,(r.,z = h) = 0, whereas at the cell-
substrate interface, z = 0, the cells experience
lateral traction stresses given by X;,(r;,z=0)
= T;(ry). A representative traction stress map
for a monolayer expanding in free space is re-
produced in Fig.4.1b, which shows appreciable
traction stress penentration throughout the bulk
of the tissue. The thickness-averaged force bal-
ance equation then reads,
haja,-j = Ti, (42)
where 0;;(ry) = foh (dz/h)Z;j(r., z) is the in-
plane monolayer stress. The force-balance dia-
gram is illustrated in Fig. 4.1c. It is worthwhile to
mention that the assumption of in-plane traction
forces is a good approximation for fully spread
cells making almost zero contact angle with the
substrate. During the early stages of spreading
and migration, cells can exert appreciable out-of-
plane traction forces via rotation of focal adhe-

cell-cell adhesion

)
Hohok

focal adhesion

Fig. 4.1 Forces driving collective cell motion. (a—b)
Radial component of traction stress (a) and phase contrast
images of an expanding MDCK cell monolayer. (Re-
produced from Trepat et al. 2009) (scale bar =200 tm).
(b) Schematic of the physical forces acting on the cell
monolayer (Notbohm et al. 2016). Tractions exerted by

the monolayer on the substrate (ECM) point inward (red
arrows) at the monolayer edge and balance the forces
due to viscous friction, {v (black arrows), and polarized
motility, fp (green arrows). The tractions are locally
balanced by the divergence of the monolayer stress, T =
hV - o
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sions (Legant et al. 2013). The quantity 7; is a
stress in three dimensions, i.e., a force per unit
area. It describes the in-plane traction force per
unit area that the cells exert on the substrate. The
force-balance equation is supplemented by the
mass balance equation, such that the cell density,
p(ry,t), obeys the following conservation equa-
tion,

00+ V- (pv) = xp, 4.3)

where v is the velocity field, and x is the rate
of variation in cell density due to cell division
or death (Bove et al. 2017). In the following, we
assume y = 0. See Murray and Oster (1984),
Ranft et al. (2010), and Yabunaka and Marcq
(2017) for continuum models for tissues with
explicit consideration of cell division and death.

Constitutive Model for
Intercellular Stress

4.2.1

The in-plane cellular stress, o, can be decom-
posed as the sum of intercellular stress, ¢, and
active stress, o, originating from active intra-
cellular processes (Fig.4.2). The form of the
constitutive relation for the intercellular stress
has been highly debated, given the complex rhe-
ology of cellular aggregates (Khalilgharibi et al.
2016). On the timescale of seconds to minutes,
living tissues behave elastically, recovering their
original shape after a transient application of
force (Guevorkian et al. 2010; Phillips and Stein-
berg 1978). On longer timescales (tens of minutes

LT_I@

substrate

cell monolayer

Fig. 4.2 Constitutive elements of the continuum
model for collective migration. The viscoelastic and
active elements exert stresses in parallel. A local gradient
in stress is balanced by the traction exerted by the cell on
the substrate, which is modelled by a viscous element
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to hours), cellular aggregates exhibit fluid-like
behavior that can arise from cell-cell adhesion
turnover, cellular rearrangements, cell division
or death (Guillot and Lecuit 2013; Heisenberg
and Bellaiche 2013; Ranft et al. 2010). It is
therefore commonly assumed that intercellular
stresses obey Maxwell visco-elastic constitutive
law (Lee and Wolgemuth 2011), described by
solid-like response at short time scales and fluid-
like behavior at longer time scales.

Experimental and computational studies by
many groups have shown, however, that stresses
imposed on tissues cannot be completely dissi-
pated, and cells support some part of applied
tension (Gonzalez-Rodriguez et al. 2013; Harris
et al. 2012; Wayne Brodland and Wiebe 2004). In
fact rheological experiments have demonstrated
that stress relaxation in epithelial monolayers
can be described by a spring connected in par-
allel to a viscous dashpot (Harris et al. 2012;
?). Others have shown that mechanical stress
buildup in monolayers occurs in unison with
strain accumulation (Serra-Picamal et al. 2012),
which can be described by an elastic constitutive
law (Mertz et al. 2012; Tambe et al. 2011). There-
fore, to describe the dynamic mechanical behav-
ior of cohesive cellular aggregates we assume
linear Kelvin-Voigt rheology (Fig.4.2) (Murray
and Oster 1984)

0°=(1+79)[KV-u1l

+u (Va+ (Vo)" —=V.u1)], 44
where 1 is the identity matrix, u is the cellular
displacement field, K is the compressional elastic
modulus, w is the shear modulus, and 7 is the vis-
coelastic relaxation timescale. The assumption of
isotropic elasticity is consistent with stress mea-
surement in cell monolayers using monolayer
stress microscopy (Notbohm et al. 2016; Tambe
et al. 2011). For simplicity, we have ignored non-
linear contributions to the constitutive relation in
Eq. (4.20), which may be essential for stabilizing
the dynamical response of living tissues to large
mechanical strain (Banerjee et al. 2011, 2017,
Kopf and Pismen 2013). In Sect. 4.4, we discuss
the quantitative comparisons between elastic and
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fluid models of tissue rheology. We note that
recent experimental studies show evidence for
more complex rheological properties, including
combinations of active elastic and dissipative
response at moderate stretching (?), as well as su-
perelastic behavior at extreme stretching (Latorre
et al. 2018).

4.2.2 Active Intracellular Stress

The active intracellular stress stems from con-
tractile forces generated in the actomyosin cy-
toskeleton in the cell cortex (Murrell et al. 2015),
and from actin treadmiling driven by the as-
sembly and disassembly actin filaments. Active
contractile stresses depend on the concentration
of active actomyosin units, c(¢), with the form
0% = 00(c)1 + 0a(©pp, (4.5
where we have introduced the cell polarization or
polarity vector, p, which is an internal state vari-
able that controls the local direction of cell mo-
tion (Fig. 4.3). o¢(c) and o,,(c) are the isotropic
and anisotropic components of the active stress
due to actomyosin contractility. Note that ad-
ditional active stress terms of the form o« Vp
are allowed by symmetry in this phenomeno-

Fig. 4.3 Coordination of cell motion and polarization.
Cells align their motion along the polarity vector, p, and
move with a velocity v. Neighboring cells tend to align
their polarities, and polarity differences generate a net
torque on neighboring cells. Cells also exert a dipole-
like contractile stress on the substrate due to actomyosin
activity. (Figure adapted from Lee and Wolgemuth 2011)
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logical model, leading to renormalization of the
elastic modulus to leading order (Banerjee and
Marchetti 2011a). Several models for the de-
pendence of oy on ¢ have been proposed, in-
cluding linear (Banerjee and Marchetti 2011b),
logarithmic (Banerjee et al. 2015) and saturating
behaviour (Bois et al. 2011). Recent in vitro
measurements show that contractile strains ac-
cumulate cooperatively as a function of myosin
density (Linsmeier et al. 2016), indicating that o
could take the general Hill functional form:

n

oo(c) = 0o (4.6)

where the constant n > 1 indicates cooperative
behavior beyond a critical concentration c,, and
op > 0 is the magnitude of the contractile stress.
Finally, the force balance equation, Eq.4.2,
requires a constitutive equation for the net trac-
tion stress transmitted to the substrate. For a
layer of motile cells this is chosen of the form
(Fig.4.1c) (Banerjee et al. 2015)
T=¢(v—fp, 4.7
where v = 0,u, f is the magnitude of the propul-
sion force, and ¢ is an effective friction coeffi-
cient that depends on the rate of focal adhesion
turnover (Walcott and Sun 2010). This form for
traction in Eq. (4.7) results in local misalignment
of traction stress and cell velocity, consistent
with experimental findings (Brugués et al. 2014;
Notbohm et al. 2016). The propulsion force, fp,
drives cell crawling, and depends on the con-
centration of branched actin in the lamellipodia
of migrating cells. For simplicity, we assume
that there is a steady concentration of polymer-
ized actin that pushes the cell forward. Dynamic
models for the competition between branched
and contractile actin have been proposed (Lo-
makin et al. 2015; Suarez and Kovar 2016). A
detailed description of such molecular processes
lies beyond the scope of this review, but can be
easily incorporated within this framework. The
resultant force balance equation is then given by
(Figs.4.1c and 4.2),
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hV . (O.c+o.a) ={v— fp+fextv (4.3)
where fey is the external force (density) applied
to the system. In the absence of external forces
or stresses applied at the boundary, the net trac-
tion force, when integrated over the entire cell-
substrate interface must vanish. This implies a
fundamental constraint on the relationship be-
tween cell polarity and velocity:

fv-dA:%/pdA.

In the following, we will additionally need to
prescribe the dynamics of cell polarization and
actomyosin concentration, which regulate active
cell motility and the production of contractile
stresses.

(4.9)

4.2.3 Mechanochemical Coupling of
Cell Motion and Contractility

The dynamics of cell polarization is commonly
modeled following the physics of active liquid
crystals (Marchetti et al. 2013), a phenomeno-
logical approach that requires further justification
and scrutiny. The cell polarization vector evolves
in time according to,

1
3tp+/3(P'V)P+V-VV—E(va)xv

=a(l—|pPp+«V?p+wVe, (4.10)
where the advective coupling 8 arises from ATP
driven processes such as treadmiling (Ahmadi
et al. 2000), the velocity dependent advective
terms are borrowed from the nematic liquid crys-
tal literature (Prost 1995), and the Franck elas-
tic constants are both assumed to be equal to
k. Here, a controls the rate of relaxation to a
homogeneously polarized cell monolayer, and «
controls the strength of nearest-neighbor align-
ment of the polarization field (Fig.4.3), akin
to velocity alignment in the Viscek model of
collective motion (Vicsek et al. 1995). The active
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mechanochemical coupling w > 0 represents
the rate of alignment of cell polarization with
gradients in the actomyosin concentration field.
As a result, local cell motion is guided toward
regions of high contractility.

The concentration of contractile actomyosin
is described by a reaction-advection-diffusion
equation,

9,¢c+ V- (cv)
DV — L(c—cp) + Vou
= c——(c—c acy————,
T 0 T+ 1V -ul/so
@.11)

where D is a diffusion constant, 7. is the
timescale of relaxation to steady-state, and o« > 0
is the rate of accumulation of contractile acto-
myosin due to local tissue stretching (Banerjee
et al. 2015). The positive constant sy sets the
upper limit of strain magnitude above which
the production rate of c¢ saturates (Kopf and
Pismen 2013). This mechanochemical feedback
(Fig.4.4) is consistent with experimental
data for single cells (Robin et al. 2018) and
cell monolayers (Serra-Picamal et al. 2012;
Vincent et al. 2015), where a local extensile
strain reinforces contractility via assembly of
actomyosin (Levayer and Lecuit 2012). Turnover

Mechanical
stretch

Vau>0

/ AN

Contractility Motility

a S
-7 @

Fig. 4.4 Mechanochemical feedback mechanisms.
Feedback between cell stretch, actomyosin contractility
and polarized cell motility in the mechanochemical model
for collective motion. Local stretch upregulates assembly
of actomyosin, which generates contractile forces that
exert compressive stress. Polarized motility, in turn, pulls
and stretches the cells
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of contractile elements at a rate 7' fluidizes
the monolayer, inducing an effective viscosity of
magnitude neir = (K — 09 + D¢/ h)t. (Banerjee
et al. 2015). Aside from the negative feedback
between mechanical strain and actomyosin
assembly, positive feedback occurs between
mechanical strain and advective fluxes into
regions of high contractility. Advective transport
can compete with diffusion to generate steady
state patterns of contractility (Gross et al. 2017).
It is instructive to note that for small changes
in ¢ around cy, Eq.(4.11) describes a dynam-
ics of active contractile stress that is similar to
a Maxwell constitutive model for intercellular
stress proposed by Lee and Wolgemuth (2011).
Here, in addition, we consider an elastic con-
tribution to the active stress, described by the
term «. The feedback between mechanical strain
and contractility yields an effective elastic mod-
ulus Keir & K + at.(0p + fw/2ah) (Baner-
jee et al. 2015), larger than the modulus K of
the monolayer in the absence of contractility.
This prediction is consistent with experimental
measurements that cell monolayers treated with
blebbistatin (myosin-II inhibitor) have a much
reduced elastic modulus (Notbohm et al. 2016).

4.3 Forces and Motion Driving

Collective Cell Behavior

The coupled system of Egs. (4.8), (4.9), (4.10),
and (4.11) describes the spatiotemporal dynamics
of cell monolayers, subject to appropriate bound-
ary and initial conditions for cellular displace-
ment (u), cell polarity field (p) and actomyosin
concentration (c). We now discuss the quanti-
tative predictions of this model for collective
mechanics and migration in various biological
contexts. In particular we will focus on four sce-
narios where continuum model predictions have
been tested and validated against experimental
data: Force transmission in epithelial monolay-
ers (Sect.4.3.1), Collective motility in expanding
monolayers (Sect.4.3.2), Cell migration under
confinement (Sect.4.3.3), and Epithelial move-
ment during gap closure (Sect.4.3.4).
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4.3.1 Force Transmission in
Epithelial Monolayers

Epithelial cell monolayers adherent to soft
elastic substrates provide a model system
for mechanical force generation during tissue
growth, migration and wound healing (Ladoux
and Mege 2017; Wozniak and Chen 2009). In
the experimental assays of interest (Du Roure
et al. 2005; Trepat et al. 2009), the substrates are
usually coated with extracellular matrix proteins
(e.g. fibronectin, collagen) that allow cells to
spread fully to a thin film and thereby establish
contractile tension. To describe the experimen-
tally observed traction force localization in fully
spread adherent cell sheets (Du Roure et al.
2005; Mertz et al. 2012; Trepat et al. 2009), we
consider the steady-state limit of Egs. (4.8), (4.9),
(4.10), and (4.11), which was originally studied
in Edwards and Schwarz (2011), Banerjee and
Marchetti (2011a, 2012), and Mertz et al. (2012).
In this limit, v = 0, and the concentration of
active contractile units is slaved to material
strain, ¢ ~ c¢op(1 + at.V - u). This results in
renormalization of the compressional modulus to
linear order. Similarly from Eq. (4.10) it follows
that p ~ — (22=0) y,

To linear order, the force balance equation for
the contracting cell layer, with internal stress 0 =
0° + o0pl, is given by,

hV .0 =Yu, 4.12)
where, Y =k + w is the effective substrate
rigidity, resulting from the sum of substrate stiff-
ness k, and the contribution from cell polariza-
tion. The intercellular stress, o ¢, follows a consti-
tutive relation identical to that of a linear elastic
solid with a renormalized compressional modu-
lus K. Equation (4.12) can be exactly solved
for circularly shaped monolayers (Edwards and
Schwarz 2011; Mertz et al. 2012), subject to
the stress-free boundary condition: ¢ - i = 0,
where 1 is the unit normal to the boundary of
the monolayer. This boundary condition needs
to be appropriately modified if the colony edge
is under tension due to peripheral actin struc-
tures (Ravasio et al. 2015a).
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The resulting solution to Eq. (4.12) describes
cell traction forces and displacements localized
to the edge of the monolayer over a length scale
£, = /Kegh/Y, defined as the stress penetra-
tion depth. Furthermore, internal stresses in the
monolayer, o, accumulate at the center of the
monolayer, in agreement with experimental data
(Fig. 4.5a-b) (Tambe et al. 2011; Trepat et al.
2009). The model can be solved numerically
for monolayers of any geometry, and it predicts
that traction stresses localize to regions of high
curvature of the tissue boundary (Banerjee and
Marchetti 2013). This was later confirmed exper-
imentally by micropatterning adhesion geome-
tries of non-uniform curvatures (Oakes et al.
2014). The model has been used to recapitulate
a number of experimental observations (Banerjee
and Marchetti 2011a, 2012, 2013; Mertz et al.
2012), including substrate rigidity dependence of
traction stresses (Ghibaudo et al. 2008) and cell
spread area (Chopra et al. 2011), traction stress
dependence on cell geometry (Oakes et al. 2014),
correlation between cell shape and mechanical
stress anisotropy (Roca-Cusachs et al. 2008), as
well as the optimal substrate rigidity for maximal
cell polarization (Zemel et al. 2010).

A particularly interesting application of
this model is in understanding the relationship
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between traction force magnitude and the
geometric size of cohesive cell colonies adherent
to soft matrices (Mertz et al. 2012). One can
define the magnitude of the total traction force
transmitted to substrate as & = f T - dA|,
where the integral is taken over the entire spread
area of the colony, A. The model predicts that
for large cell colonies of linear size R > £,
F = 2mhooR. This linear scaling of force with
colony size (Fig.4.6) implies that actomyosin
contractility, oy, induces an effective surface
tension in solid tissues, which appear to wet
the substrate underneath akin to fluid droplets.
The effective surface tension was estimated
from experiments on keratinocyte colonies to
be 8 x 107*N/m (Mertz et al. 2012), which is
of the same order of magnitude as the apparent
surface tension estimated in adherent endothelial
cells (Bischofs et al. 2009), Dictyostelium
cells (Delanoé-Ayari et al. 2010), mm-scale
migrating epithelial sheets (Trepat et al. 2009),
and cellularised aggregates (Guevorkian et al.
2010). Recent work has shown that for highly
motile and fluid cell colonies, traction forces
localize to the colony interior rather than at the
edge (Schaumann et al. 2018).
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Fig. 4.5 Stress transmission in epithelial monolay-
ers. (a) Internal stress, oy, in an expanding MDCK
monolayer obtained by integrating cellular traction force.
(Adapted from Trepat et al. 2009). Buildup of o, sig-
nifies that tension in the actin cytoskeleton and cell-cell

junctions increases towards the centre of the monolayer.
(b) Time evolution of the internal stress o (x,t) in the
monolayer predicted by the continuum model of epithe-
lium (Banerjee et al. 2015)
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Fig. 4.6 Active surface tension in cohesive epithelial
colonies. (a) Total force transmitted to the substrate by
keratinocyte colonies, .%, as a function of the equivalent
radius, R, of the colonies (Mertz et al. 2012). The dashed
line represents the linear scaling expected for surface

4.3.2 Collective Motility in
Expanding Monolayers

Migratory behaviors of epithelial cells are
commonly studied experimentally using the
wound healing assay. In the classical scratch-
assay (Yarrow et al. 2004), a strip of cells
is removed from the monolayer to observe
collective migration of cells marching to
fill the tissue gap. This experimental model
system, however, is unsuited for controlled
study of migration due to ill-defined borders
and debris created by the physical wound. The
last decade has seen significant improvement
in the wound healing assay, where cells are
grown to confluence within a removable barrier,
which is then lifted to allow cell migration
into free space (Poujade et al. 2007; Trepat
et al. 2009). These studies, in combination with
Traction Force Microscopy have shed light into
the forces and motion driving collective cell
migration. In particular, it has been observed
that cell velocity fields at the leading edge
of the epithelium exhibit complex swirling
patterns (Petitjean et al. 2010) and often form

tension, .# o R. The solid line shows a fit of the data
to the continuum model in Eq. (4.12). (b) Distribution of
strain energy, w, for a representative single cell, pair of
cells, and colony of 12 cells. Scale bar=50 pm

multicellular migration fingers (Poujade et al.
2007). Measurement of mechanical stresses
at cell-cell and cell-substrate interfaces have
given rise to models of fug-of-war (Trepat
et al. 2009), a consequence of mechanical
force-balance, where local traction stresses in
the monolayers are integrated into long-ranged
gradients of intercellular tensions (Fig.4.5a-b).
Stress inference at cell-cell junctions have led
to the suggestion of plithotaxis (Tambe et al.
2011), where cell migration is guided towards
the direction of maximum normal stress and
minimum shear stress.

A particularly interesting case is that of col-
lective migration waves, observed in mm-sized
monolayers expanding into free space (Serra-
Picamal et al. 2012) (Fig.4.7a). These mechan-
ical waves, crucially dependent on myosin con-
tractility and cell-cell adhesions, propagate at a
slow speed (on the order of pum/hr) from the
colony edge to the center and back (Fig.4.7b).
The waves are mediated by shape changes at the
scale of single cells. Pulling forces from crawling
cells at the leading edge of the colony stretch
interior cells, which periodically recover their
shape via a proposed model of cytoskeletal flu-
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Fig. 4.7 Mechanical waves during epithelial expan-
sion. (a) Traction stress map of an expanding MDCK
monolayer. (Adapted from Serra-Picamal et al. 2012). (b)
Kymograph of strain rate in expanding MDCK monolay-
ers (Serra-Picamal et al. 2012), showing generation and
propagation of X-shaped mechanical waves. (¢) Propa-
gating stress waves predicted by the continuum model,
Egs. (4.8), (4.9), (4.10), and (4.11) (Banerjee et al. 2015).
(d) Schematic illustrating the mechanics of migration

idization (Fig.4.7d) (Théry 2012). Interestingly,
this wave-like progression of cell movement nat-
urally arises in the active elastic media models,
Egs. (4.8), (4.9), (4.10), and (4.11), due to a
feedback between contractility and mechanical
strain (Banerjee et al. 2015).

To understand the origin of wave propagation
and estimate the wave frequency, it is useful to
examine the mechanics of an expanding one-
dimensional monolayer with a polarization field
pointing outward from the colony center. We
consider the linear fluctuations in the strain field
8¢ and the concentration field §c, about the qui-
escent homogeneous state u = 0, ¢ = c¢o.
Using Eqgs. (4.8) and (4.11), one can eliminate
dc to obtain the linearized dynamics of strain
fluctuations:

100286+ 0,88 = h(Kegt+1estd; — . K D3)d28¢.
(4.13)
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waves. (Adapted from Théry 2012 and Serra-Picamal
etal. 2012). Cells at the colony center (purple) are initially
stretched by pulling forces generated by leader cells.
Stretched cells recover their equilibrium shape via cy-
toskeletal fluidization (blue star), which is then reinforced
to trigger shape elongation again. These shape oscillations
mediate periodic stiffening and fluidization of cells (green
curve)

The above equation shows that the coupling of
strain to concentration field yields an effective
mass density (inertia), t.{, and viscoelasticity
characterized by an effective elastic modulus,
K.s, and an effective viscosity neg, which leads
to oscillations with a characteristic frequency
® = qy/h(Keir + 1> K D)/(1.0), with g the
wavevector. Full solutions of the nonlinear
equations (Banerjee et al. 2015) yields X-shaped
propagating stress waves akin to experimental
data (Fig.4.7c) (Serra-Picamal et al. 2012).
These contraction waves are characterized by
sustained oscillations in tissue rigidity — a
slow period of stiffening followed by rapid
fluidization (Fig.4.7d). When the coupling of
polarization to strain and contractility is turned
on, complex spatiotemporal patterns emerge
including traveling stress pulses and chaotic
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polarization waves (Banerjee et al. 2015; Kopf
and Pismen 2013).

4.3.3 Cell Migration Under
Confinement

In many biological contexts, including mor-
phogenesis, tissue polarity establishment, and
acini formation, cells often migrate collectively
in confined environments. Experiments have
shown the emergence of coherent rotation of
cells in vivo (Fig.4.8a), including cells in yolk
syncytial layer of zebrafish embryos (D’Amico
and Cooper 2001), and breast epithelial cells
in 3D collagen gels (Tanner et al. 2012). These
self-generated persistent motions are crucially
dependent on cell-cell adhesions and myosin
contractility, loss of which can drive malignant
behavior. In recent years, collective motion
in geometric confinement have been studied
in a more controlled manner using adhesive
micropatterns (Théry and Piel 2009), which
allow confinement of cell cultures in geometric
domains of any shape and size.

When plated in circular micropatterns, small
sized epithelial monolayers often exhibit large
scale correlated movements and spontaneous
swirling motions, as shown in Fig. 4.8b (Deforet
et al. 2014; Doxzen et al. 2013; Notbohm et al.
2016; Segerer et al. 2015). These collective
rotations emerge once the cells have reached
a critical density (2000 cells/mm?) and occur
in micropatterns of radii smaller than the
cellular velocity correlation length (~200 pm)
in unconfined situations (Doxzen et al. 2013).
Furthermore these rotations require cell-cell
adhesions for efficient transmission of motility
cues by contact guidance (Doxzen et al. 2013),
and radial velocity oscillations are observed
with a time period linearly proportional to the
micropattern radius (Deforet et al. 2014). Aside
from collective rotational motion, emergence of
active nematic states has also been observed in
confined monolayers of elongated fibroblasts and
MDCK cells (Duclos et al. 2014, 2017; Saw
et al. 2017). In these cases, cells actively transfer
alignment cues from the boundary to the bulk of
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the monolayer, resulting in domains of alignment
and topological defect patterns.

Different cell-based computational models
have been implemented to recapitulate collective
rotational motion, including the cellular Potts
model (Albert and Schwarz 2016; Doxzen
et al. 2013; Kabla 2012), active particle
models (Deforet et al. 2014), Vertex-based
models (Schaumann et al. 2018), and Voronoi-
type models (Li and Sun 2014), where persistent
rotations emerge due to velocity alignment mech-
anisms of motile cells. In recent work (Notbohm
et al. 2016), we described collective rotations
using a continuum model similar to Egs. (4.8),
(4.9), (4.10), and (4.11) (Fig.4.8c—d). This
model quantitatively captures a key aspect of
the experimental data, namely, that the cell
velocity field alternated between inward and
outward radial motion with a time period equal
to that of the oscillations in the intercellular
stress (Notbohm et al. 2016). This wave-like
motion is predicted by the model to arise
through the chemomechanical feedback between
the mechanical strain, Vu, and actomyosin
contractility, ¢ (Banerjee et al. 2015). In the
limiting case where cell deformations, u, are only
coupled to polarity p, no oscillatory behavior
is observed. This prediction was confirmed by
experiments, where inhibition of contractility
by blebbistatin eliminated the multicellular
oscillations. Furthermore, the polarization field,
p, is crucial to capture the misalignment between
traction and velocity, observed experimentally.
Overall, the coupling of cell motion to
polarization and actomyosin contractility is
required to capture the experimentally observed
distribution of traction forces (Notbohm et al.
2016), which points inward at the periphery of
the micropattern and oscillates between outward
and inward within the bulk of the monolayer.

4.3.4 Epithelial Movement During
Gap Closure

Collective cell movement during epithelial gap
closure is essential for maintaining the tissue me-
chanical integrity and to protect the internal envi-
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Fig. 4.8 Coherent cell motion in confined environ-
ment. (a) Coherent angular motion of cells during acinus
morphogenesis. (Adapted from Tanner et al. 2012). Graph
shows angular rotation of the parent and daughter cells
obtained by nuclei tracking. Inset: Cross section of acinus
with F-actin staining in green (Scale bar=30pm). (b)
Collective rotation of MDCK cells seeded on circular
fibronectin patterns. (Reproduced from Doxzen et al.

ronment from the outside by regenerating a phys-
ical barrier. Gaps can occur autonomously during
development (Wood et al. 2002), or can be gener-
ated by cell apoptosis (Rosenblatt et al. 2001) or
tissue injury. It is widely accepted that epithelial
gap closure is driven by two distinct mechanisms
for collective cell movement (Fig.4.9a) (Beg-
naud et al. 2016; Jacinto et al. 2001). First, cells
both proximal and distal to the gap can crawl
by lamellipodial protrusions (Anon et al. 2012;
Fenteany et al. 2000; Martin and Lewis 1992).
Secondly, cells around the gap can assemble
a multicellular actomyosin purse-string, which
closes gaps via contractile forces (Fig. 4.9b) (Be-
ment et al. 1993; Martin and Lewis 1992). The
continuum framework described in this review
can be appropriately adapted to study the relative
contributions of crawling and contractile forces
on epithelial gap closure.
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2013). The magnitude and the direction of local velocity
fields are indicated by red arrows (Scale bar =50 pm). (c)
Kymograph of radial velocity fields of confluent cells in
a micropattern (Notbohm et al. 2016), showing periodic
oscillations. (d) Radial velocity kymograph, obtained by
simulating Eqs. (4.8), (4.9), (4.10), and (4.11), reproduc-
ing collective cell oscillations

Continuum models of tissue gap closure have
considered both visco-elastic solid (Vedula et al.
2015) and fluid (Cochet-Escartin et al. 2014;
Ravasio et al. 2015b) models of tissues. In either
scenarios, force balance between cell-cell and
cell-substrate interactions can be expressed as,

hV -0 =¢v— fp, (4.14)
where f is the magnitude of the propulsion force
acting on the cells due to lamellipodial protru-
sions, both proximal and distal to the gap, such
that p points into free space. While previous con-
tinuum models have neglected the polarity term
in the force balance, this is necessary for the mis-
alignment of traction force and velocity observed
for instance in closed contour wound healing
assays (Brugués et al. 2014). To model the active
pulling forces on the gap boundary, Eq. (4.14) is
solved subject to the following boundary con-
dition for the stress tensor on the moving gap
boundary (Fig. 4.9c¢):



S. Banerjee and M. C. Marchetti

200
100

(@]
ed) 1

-100
-200

(o
Lamellipodia Actomyosin cable
f ) 3
\‘ h »
v »
- i i
k.
L‘ he) 3} -

Fig. 4.9 Collective migration during epithelial gap
closure. (a) Closure of in vitro wound in epithelial mono-
layers is mediated by a combination of purse-string based
contraction of actomyosin cable (arrows) and lamellipodia
based cell crawling (arrowheads). (Figure adapted from
Jacinto et al. 2001). (b) Lamellipodial protrusions gen-
erate traction forces away from the wound (red arrows),
whereas traction generated by purse-string based contrac-

o -0 = (fL — )N, (4.15)
where 1 is the local normal vector on the gap
boundary, directed away from the tissue, f; is
the force density due to lamellipodial protrusions,
k is the local gap boundary curvature (nega-
tive for circular gaps), and A is the line tension
due to actomyosin purse-string. The model has
been used to capture the sensitivity of collec-
tive motion on the local gap geometry (Ravasio
et al. 2015b) (Fig.4.9d). For instance, crawling
mediated migration (A = 0) occurs at a speed

- Purse-string forces (yx)
yK = cable tension x curvature

=@ Crawling forces (f,)

Resulting forces on edge: ¢- n = (f—yx)n
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75 - Simulation —e—
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tion point towards the wound (green arrows). (Traction
stress map reproduced from Brugués et al. 2014). (c)
Schematic of a continuum model for gap closure, showing
the dependence of purse-string and crawling forces on the
local gap geometry. (d) Migration velocity increases with
increasing magnitude of local gap curvature. (Reproduced
from Ravasio et al. 2015b)

independent of gap curvature, whereas purely
purse-string driven motility (f; = 0) increases
with decreasing radius of curvature. This may
explain why purse-string is not assembled for
large wounds, as its driving force is inversely pro-
portional to the gap diameter. A model of cable
reinforcement, where tension A o «, has also
been proposed to account for the experimentally
observed increase in closure velocity and traction
stress with time (Vedula et al. 2015). A more
comprehensive model of gap closure dynamics
with spatiotemporal variations in lamellipodia
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and purse-string forces (Fig.4.9b) has recently
been implemented using the vertex model (Ajeti
et al. 2019; Staddon et al. 2018).

4.4 Comparisons Between Active
Elastic and Fluid Models of

Collective Cell Migration

Previous work has employed both elastic (Baner-
jee et al. 2015; Kopf and Pismen 2013) and
fluid (Arciero et al. 2011; Blanch-Mercader and
Casademunt 2017; Blanch-Mercader et al. 2017;
Lee and Wolgemuth 2011; Pérez-Gonzalez et al.
2018; Recho et al. 2016) models of epithelial
cell sheet to describe the dynamics of epithe-
lial expansion, as probed for instance in wound
healing assays (Fig.4.7a). Both models can ac-
count for traveling waves, as observed in exper-
iments, provided the sheet rheology is coupled
to internal dynamical degrees of freedom, such
as contractile activity (elastic model Banerjee
et al. 2015) or cell division or polarization (fluid
model Recho et al. 2016 and Blanch-Mercader
and Casademunt 2017). On the other hand, tis-
sues can undergo fluidization/stiffening cycles,
respond elastically or viscously on different times
scales, and there is still no continuum model
capable of capturing their rheology across all
time scales.

In this section we compare the viscous and
elastic continuum approaches for modeling cell
monolayers, focusing on a one-dimensional (1d)
model that allows for an analytical solution. The
1d calculation can also be directly compared to
experiments such as those shown in Fig.4.5a,
where the monolayer properties are generally
averaged over the direction transverse to that of
mean motion. Denoting by x the direction of
monolayer expansion, the in-plane force balance
equation is simply given by

vy = fpy + hoyo, (4.16)
where ¢ = o,, = 0 4+ o In the absence
of cell division and tissue growth, the volume
of the monolayer remains approximately con-
stant during expansion. This requires the product
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L(t)h(t) to remain constant, where L(¢) and
h(t) are the monolayer width in the direction of
expansion and the monolayer thickness at time ¢,
respectively.

To illustrate the difference between the fluid
and elastic models we examine below the accu-
mulation of contractile stresses in an isotropic
expanding monolayer, with vanishing net polar-
ization, that was discussed for the fluid case in
Blanch-Mercader et al. (2017). In contrast to
Blanch-Mercader et al. (2017) we assume ¢¢ =
constant, to incorporate contractile cell activity.
We neglect both nonlinear active stresses and
spatiotemporal variations of the concentration ¢
of contractile actomyosin. We additionally use a
quasi-static approximation for the cell polariza-
tion that is assumed to relax on time scales much
faster than those associated with cellular defor-
mations and rearrangements. Finally, for sim-
plicity we will neglect the spatial and temporal
variation of the thickness / of the monolayer. We
retain only linear terms so that the polarization
field, py, satisfies the equation
L292p. = px. (4.17)
where we have introduced the length scale L, =
/K /a that describes spatial variation in polariza-
tion within the monolayer.

The viscous or elastic nature of the cell sheet
will be specified by the chosen form of the
constitutive equation for the intercellular stresses,
o¢. One important distinction, not apparent in the
linear form of the equations considered here, is
that the fluid motion is treated in an Eulerian
frame, while the elastic medium model is im-
plemented in a Lagrangian frame of reference.
This difference will be important below when
imposing boundary conditions.

The case of a fluid layer of growing width
2L(t) was discussed in Blanch-Mercader et al.
(2017) (Fig.4.10a). In this case intercellular
stresses are purely viscous, with 0¢ = nd, v,
and 7 the shear viscosity. Assuming that cells
at the boundaries are outwardly polarized to
drive expansion, i.e., py(—L(t)) = —1 and
px(+L(t)) = 1, the static polarization profile is
givenby
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Fig. 4.10 Viscous fluid model of expanding monolay-
ers. (a) Schematic of an expanding epithelial monolayer
of height & and length 2L, studied in Blanch-Mercader
et al. (2017). The purple shaded curve represents the
spatial profile of the polarization field, whose penetration
depth is characterized by the length scale L. (b) Repre-

sinh(x/Lp)

sinh(L(1)/L,)" (4.18)

Px ()C ) =
The force balance equation, Eq. (4.16), can then
be recast as an equation for the total stress in the
fluid monolayer o, (x) = o (x),

1 ax _ Jo
L_%(Gv -0 = L_paxpx + 830'1)

(4.19)
where L, = +/hn/? is a viscous length scale, and
fo = fLp/h is a characteristic stress scale. We
solve Eq. (4.19) with stress-free boundary condi-
tions at the monolayer edge, o,(x = £L(?)) =
0, where L = L(¢) is the growing monolayer
length. The resultant stress is,

0u(x) = o [1 B cosh(x/Lv)}

cosh(L/L,)

foL? [cosh(x/L,,)
L%—L% sinh(L/L )
_cosh(L/Lp)cosh(x/Lv)

sinh(L/L,) cosh(L/L,)

+

} . (4.20)
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sentative stress profiles of an expanding cell monolayer,
predicted by the fluid model in Eq.(4.20), at different
values of time with fixed L,/L, = 0.25. (¢) Stress
profiles for different values of L, /L, at fixed length L =
4L(0). Other parameters: L,/L(0) = 0.5, fo/o% =2

As shown in Blanch-Mercader et al. (2017) and
in Fig.4.10b—c, the shape of the stress profile
depends on the length L(¢) as well as on the
ratio L,/L, > 0. With increasing L (for fixed
L,/L,) or increasing L,/L, (for fixed L), the
initial stress maxima at the center of the layer
disappears, and two stress peaks accumulate near
the edge of the colony.

The length L(#) of the expanding layer can
be determined by equating the rate of change of
L(t) to the velocity at the leading edge, L =
v (L). For L(t) > L,, L, we find v, (L) =~
foL?/n(L,+ L) —0,L,/n, resulting in a linear
growth in time of the length of the monolayer,

LyLy

L(t)=Lo+ —2=v
®) = Lo hn(L, + L)

(f_fcu)tﬂ (421)

provided the pulling force f exceeds a threshold
value required to overcome the contractile force,
f¥ = ho“(L," + L;"), and drive layer expan-
sion. Note, however, that the assumption of indef-
inite growth in time in the absence of cell division
is not realistic. Such a growth will be arrested by
the requirement of volume conservation.
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If the cell monolayer is modeled as an elastic
continuum, then ¢¢ = Kod,u, where K is a
compressional modulus and u, the displacement
field. The velocity must be identified with the
rate of change of the displacement, v, = 0,u,.
In this case the layer has a reference length
2Ly and an expanded length 2L(t) = 2Ly +
u(Lg, t)—u(—Ly, t). The polarization profile has
the same functional form given in Eq. (4.18), but
with L(¢) replaced by L. It is then evident that,
in the absence of cell division and growth, the
only steady state solution will have v, = 0,
corresponding to the fact that the elastic layer can
be stretched by outward pulling cells, but not in-
definitely expanded. The stress balance equation
can again be written as a closed equation for the
stress (o, (x) = 0(x)), hdyo, = — fp(x), with
the solution (Fig. 4.5b)

cosh(Lo/L,) — cosh(x/L,)
sinh(Lo/L )

oa(x) = fo

(4.22)
The stress profile of the elastically stretched tis-
sue is controlled by the single length scale L, and
always shows a maximum at the midpoint of the
layer. From this solution, one can immediately
obtain the steady state displacement field, u,, at
the sample boundary, up to an undetermined con-
stant. We eliminate this constant by assuming a
symmetric deformation profile such that u, (0) =
0. In the limit Lo > L, we get uy(Lo) =
—uy(—Lo) = L (foL,/Lo — o). Of course in
this case the monolayer stretches only provided
the pulling forces due to polarization exceed
the contractile forces. There is a critical pulling
force, given by f¢ = ho“Lgy/ Li. Retaining again
only leading terms in L, /Lo, the total length of
the expanded monolayer is then given by

L,
Lo = Lo [1 ik fc):| . @23)

Unlike the fluid monolayer, a purely elas-
tic monolayer cannot sustain a state of steady
growth. To obtain steady expansion in the case
where the layer is modeled as an elastic medium
it is necessary to include cell division. This can
be accomplished in several ways: by allowing the
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reference layer length Ly to grow with time; by
describing cell division in terms of an extensile
contribution to the active stress, such as 048 =
—Rt, where R > 0 describes the rate of growth;
or by allowing the elastic constant K to vary in
time. Each of these prescriptions will in general
give different expansion rates for the monolayer.
A full discussion of these cases is beyond the
scope of the present review. In general, both
viscous and elastic models have successfully re-
produced the stress, velocity and deformation
profiles measured in experiments. This suggests
that these large scale quantities may not be ter-
ribly sensitive to the specific rheology of the
monolayer. More work, however, remains to be
done to fully understand the mechanisms that al-
low living tissues to maintain their cohesiveness,
while exhibiting the fluidity necessary for motion
and morphological changes, and to formulate
a rheological model capable of capturing these
unique properties.

4.5 Conclusion
Continuum models of multicellular mechanics
have been widely successful in describing the
physical forces, flow and deformation patterns
that mediate collective cell migration during
wound healing, tissue morphogenesis and
development. These models are largely based
on phenomenological approaches rooted in soft
condensed matter physics, fluid dynamics and
statistical mechanics (Marchetti et al. 2013).
One of the key advantages of a continuum
framework is that it is formulated in terms of
a few coarse-grained collective variables such
as density, velocity, strain and stress fields
which are directly measurable in experiments.
The resultant theory contains only a small
number of macroscopic parameters, representing
the effective mechanochemical couplings that
arise from the combined effect of a number of
signaling pathways at subcellular and cellular
scales.

On the other hand, continuum models are gen-
erally written down phenomenologically, leaving
open the key challenge of relating the continuum
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scale mechanical parameters to specific processes
that control the active behavior of cells at um and
nm scales. In the absence of such a connection
between subcellular and cellular or tissue scale,
there are no constraints on the range of values
spanned by the parameters of the continuum
model. Many of the molecular pathways that
mediate force generation and movement in cells
are, however, intimately coupled and also sensi-
tive to external perturbations and to the physi-
cal properties the cell’s environment. It is then
likely that molecular scale feedback processes
may constrain the range of parameter values that
are accessible at the cellular and tissue scales.
As a result, all the complex dynamical phases
predicted by generic continuum models may not
be realizable in biological systems, as particular
cells and tissues may likely operate in a narrow
region of parameter space.

Another key limitation of the continuum mod-
eling approach lies in the assumption of fixed ma-
terials properties of tissues, which is encoded in
the choice of a particular constitutive law. As dis-
cussed elsewhere (Khalilgharibi et al. 2016), tis-
sue rheology is highly complex, and the presence
of multiple relaxation times demands a rheologi-
cal model capable of capturing both active solid-
like and fluid-like behavior in different regimes
of stress response. In this review, we focus on
active elastic models of tissue mechanics (Baner-
jee and Marchetti 2012; Banerjee et al. 2015;
Edwards and Schwarz 2011; Kopf and Pismen
2013; Mertz et al. 2012; Notbohm et al. 2016)
which have been successful in capturing many
experimentally observed cell behaviors during
collective migration. These include mechanical
waves (Serra-Picamal et al. 2012), collective cell
rotations (Deforet et al. 2014; Doxzen et al.
2013; Notbohm et al. 2016), traction force local-
ization (Mertz et al. 2012; Trepat et al. 2009),
and mechanosensitivity to extracellular matrix
properties (Schwarz and Safran 2013). We also
compare elasticity models against viscous fluid
models of cell migration (Blanch-Mercader et al.
2017), showing that macroscopic quantities and
observables may not sensitive to the specific
choice of tissue rheology. On the other hand,
a number of mesoscopic models, such as the

S. Banerjee and M. C. Marchetti

Vertex, Voronoi, Potts and particle-based models,
have been shown to capture various aspects of
tissue-scale mechanics, providing an alternate
bottom-up approach that may allow us to connect
molecular scale to tissue-scale properties. A sys-
tematic study of such models with an eye on de-
veloping the multi-scale mechanics of multicellu-
lar assemblies is currently lacking, and remains
an open theoretical challenge at the interface of
physics and biology.

Living cells are active entities, capable for
instance of autonomous motion, spontaneous me-
chanical deformations, division and phenotypi-
cal changes. This behavior can often be mod-
eled at the mesoscale through internal state vari-
ables unique to living systems. In this review
we have introduced two such internal state vari-
ables: the concentration of intracellular molec-
ular active force generators and the cell polar-
ity vector that describes the direction in which
individual cells tend to move. For simplicity
we have only considered the concentration of
contractile units in the actomyosin cytoskeleton,
that may represent, for instance, phosporylated
myosins. More generally, several dynamically
coupled chemical components may be needed to
capture the complexity of molecular processes in
the cell cytoskeleton. Multiple filaments, motors,
and binding proteins compete to regulate cell
homeostasis, polarization, and active force gen-
eration (Suarez and Kovar 2016). As more fas-
cinating regulatory properties of the cytoskeletal
machinery are being discovered, future models
must attempt to incorporate such self-regulatory
mechanisms controlling active cell mechanics.

An open question is the molecular interpreta-
tion of the cell polarization. Different interpre-
tations have been put forward in the literature,
including identifying cell polarization with the
direction of lamellipodial/filopodial protrusions
or with the orientation of the cell long axis as-
sociated with the alignment of actin stress fibers,
although the latter provides a nematic (head-
tail symmetric) degree of freedom, rather than
a polar one. Regardless of its subcellular origin,
cell polarity serves to dictate the direction of local
motion, and is distinct from the actual direction
of cell motion in a tissue that is also controlled by



4 Continuum Models of Collective Cell Migration

the forces from neighboring cells. In other words,
the dynamics of the polarity vector encodes the
decision-making rules for cell motility that come
from the sum of mechanical and biochemical
cues that an individual cell experiences from its
internal as well as external environments. Given
the multitude of polarity cues gathered by a cell,
it remains contentious whether a single polarity
state variable can fruitfully describe multiple
mechanisms of active cell motility.

Essential ingredients of the models described
in this review are the feedbacks between cellular
mechanics, polarized motility, and the regulatory
biochemistry of actomyosin contractility.
Mechanochemical coupling of cell motion,
adhesion and contractility have been argued
as the physical basis for tissue morphogenesis
and development (Howard et al. 2011). These
couplings also play an essential role in the
transmission of spatial information in large cell
monolayers, mediated by waves, pulses, and a fug
of war between cell-cell and cell-substrate forces.
Both negative and positive feedback loops are
exploited by cells for robust movement and force
generation. Positive feedback commonly occurs
between mechanical strain and advective trans-
port of cytoskeletal filaments and motors into
regions of high contractility. These active forces
compete with diffusion and elasticity to establish
the spatial gradients of contractility responsible
for spontaneous cell motion. On the other hand,
negative feedback between mechanical strain and
contractility can yield periodic cycles of tissue
stiffening and fluidization, which can result in
long-range propagation of mechanical waves
in tissues. At present, however, these feedback
mechanisms remain purely phenomenological
constructs, with only qualitative support from
experiments. Their direct quantification is an
outstanding experimental challenge.

In the future, theorists and experimentalists
will need to work together to identify and probe
all the key mechanical and biochemical parame-
ters in a single model system. Such collaborative
efforts will lead the way to more quantitatively
accurate models of collective cell behavior in
physiology and development.
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Abstract

We discuss recent advances in interpreting the
collective dynamics of cellular assemblies
using ideas and tools coming from the
statistical physics of materials. Experimental
observations suggest analogies between the
collective motion of cell monolayers and
the jamming of soft materials. Granular
media, emulsions and other soft materials
display transitions between fluid-like and
solid-like behavior as control parameters,
such as temperature, density and stress,
are changed. A similar jamming transition
has been observed in the relaxation of
epithelial cell monolayers. In this case,
the associated unjamming transition, in
which cells migrate collectively, is linked
to a variety of biochemical and biophysical
factors. In this framework, recent works
show that wound healing induce monolayer
fluidization with collective migration fronts
moving in an avalanche-like behavior
reminiscent of intermittent front propagation
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in materials such as domain walls in magnets,
cracks in disordered media or flux lines
in superconductors. Finally, we review the
ability of discrete models of cell migration,
from interacting active particles to vertex and
Voronoi models, to simulate the statistical
properties observed experimentally.

Keywords

Jamming - Bursts - Particle image
velocimetry - Active particle models - Wound
healing

5.1 Introduction

Collective cell migration is a fascinating topic of
great biological relevance (Friedl and Gilmour
2009). Cells in tissues often do not move inde-
pendently, but interact closely and move together.
This phenomenon is relevant for cancer metasta-
sis (La Porta and Zapperi 2017), where group of
cells have been observed to collectively invade
neighboring tissues (Gov 2014; Khalil and Friedl
2010; Regrth 2009). The biophysical aspects of
collective cell migration can be discussed from
the point of view of active matter (Ramaswamy
2010): Cell assemblies can be seen as peculiar
type of out of equilibrium material that is able to
convert internal biochemical energy into mechan-
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ical and kinetic energy. As for ordinary matter,
active matter can display transitions into different
states with characteristic macroscopic properties
in terms of flow or spatial correlations. The main
aspect that we wish to explore in this chapter
is related to the fluctuations associated to these
states.

Individual cells move in a very erratic manner,
performing a persistent random walk with sta-
tistical properties accurately described by simple
stochastic differential equations. The problem
becomes more intriguing when the cell concen-
tration is increased and cells respond due to their
mutual interactions. When cells are crowded they
slow down, up to a point where their motion
becomes confined as in a glass (Angelini et al.
2010; Park et al. 2015). This can be quantified
by cell mean-square displacements that grow in
diffusive or ballistic fashion for isolated cells
and becomes bounded in crowded conditions
(Malinverno et al. 2017). Cellular self-propulsion
can counteract the caging effects due to crowding
leading to a collectively flowing state. The most
widespread interpretation of this phenomenon is
in terms of the jamming/unjamming transition,
widely observed in soft matter systems such as
foams, colloids or granular media (Liu et al.
2010). The main difference for cells lies in the
presence of internal active forces driving the
transition and thus creating a completely new
playground.

Self-propulsion forces become important in
particular conditions, for instance when cells are
faced with an empty space to invade, as in the
case of wound healing (Chepizhko et al. 2018).
The intermittent dynamics of an invading cell
front is reminiscent to other fronts studied in
condensed matter systems, such as crack lines
or magnetic domain walls. The analogy is not
only qualitative, since the distribution of bursts
in cell front invasion follow the same statisti-
cal distributions as in disordered elastic systems
in condensed matter (Chepizhko et al. 2016).
Here, we discuss analogies and differences be-
tween cell migration and the transitions to flow
in ordinary matter, focusing on few relevant ex-
periments and on computational models based
on interacting cells, represented as active par-

C. A. M. La Porta and S. Zapperi

ticle (Berthier 2014; Fily et al. 2014; Flenner
et al. 2016; Henkes et al. 2011; Liao and Xu
2018; Mandal et al. 2016; Poujade et al. 2007;
Sepulveda et al. 2013; Szabé et al. 2006; Szamel
2016; Vedula et al. 2013) or polygons in vertex
models (Bi et al. 2015, 2016).

5.2  Fluctuations in the Migration

of Individual Cells

Before discussing the fluctuations in the migra-
tion of collective assemblies of cells, it is use-
ful to briefly recall here the stochastic behavior
observed in individual cells as they migrate. It
has been widely reported that cell trajectories in
vitro display random fluctuations similar to those
observed in Brownian particles (Codling et al.
2008; Potdar et al. 2010). Cells, however, are
not just particles driven by the fluctuations in the
fluid but involve internal active forces. As indeed
shown by careful quantitative analysis, cells do
not perform a simple random walk (Dieterich
et al. 2008; Li et al. 2008; Potdar et al. 2010;
Stokes et al. 1991; Wu et al. 2014) but a persis-
tent random walk (PRW), characterized by long
periods of persistent directional motion in one
direction separated by re-orientation event, as il-
lustrated in Fig. 5.1a (Li et al. 2008). This process
is well described by a persistent random walk,
following a simple Langevin equation (Stokes
et al. 1991; Wu et al. 2014)

dv_ V+ D([)
dr ~ T th ’

where v is the cell velocity, t is the persis-
tence time, (¢) is an uncorrelated Gaussian noise
with zero mean and unit variance, and the noise
strength is tuned by D. This linear stochastic
model can be easily solved and yields a mean-
square displacement

G.D

((x(t +to) — r ()%

=2Dt (exp(—t/r) + % — 1> . (5.2
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Fig. 5.1 (a) A trajectory
of a Dictyostelium cell a)
lasting for 10 h. (b) The

mean square displacements

recorded of Dictyostelium

cells follow the prediction

of the persistent random

walk model. (Images

adapted from Li et al.

2008) (Figs. 5.2a and 5.3b,

CC licence)

150um

Fig. 5.2 A trajectory of a
breast carcinoma cell
migrating into a three
dimensional collagen
matrix . The inset shows
the intermittent
fluctuations of the cell
velocity. (Image from
Metzner et al. (2015) CC
licence)

Equation 5.2 interpolates from an exponential in-
crease at short times to a linear diffusive behavior
at large times which agrees with experimental
data for two dimensional motion as shown in
Fig.5.1b (Wu et al. 2014).

An alternative model to explain the devia-
tion from pure Brownian motion is provided by
anomalous diffusion, where the mean square dis-
placement scales as 12 witha > 1 /2 (Dieterich
et al. 2008). Indeed, recent experiments tracked
individual cells moving through a three dimen-
sional collagen matrix (see Fig.5.2) and showed
clear deviations from the simple PRW model
(Metzner et al. 2015; Wu et al. 2014). In partic-
ular, the distribution of velocities is not Gaussian
as assumed in the PRW (Wu et al. 2014). The
correct distribution can be obtained by modeling
cell heterogeneity and substrate anisotropies (Wu
et al. 2014) and introducing a superstatistical
framework (Metzner et al. 2015) where the mo-
tion is modeled by a PRW with parameters (e.g.
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T and D) that are themselves random functions.
The superstatistical model is in excellent agree-
ment with experimental results for cell motion in
two and three dimensions (Metzner et al. 2015).

5.3 Avalanches and Fluctuations

in Collective Cell Migration

Understanding collective cell migration, when
cells move as a cohesive and coordinated group
is important to shed light on key aspects of em-
bryogenesis, wound repair and cancer metastasis
(Friedl and Gilmour 2009). While cellular and
multicellular dynamics and motility is controlled
by a complex network of biochemical pathways
(Ilina and Friedl 2009), it is becoming increas-
ingly clear that a crucial role is also played by
physical interactions among cells and between
cells and their environment (Brugues et al. 2014;
Haeger et al. 2014; Koch et al. 2012; Lange and
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Fabry 2013; Tambe et al. 2011). In particular, ex-
periments revealed that collective cell migration
depends on the composition and stiffness of the
extracellular matrix (ECM) on which the cells
move (Brugues et al. 2014; Haeger et al. 2014;
Koch et al. 2012; Lange and Fabry 2013; Tambe
et al. 2011). The ECM of animal tissues is com-
posed by a random hierarchical assembly of col-
legen fibrils and fibers whose mechanical proper-
ties have many advantages thanks to their charac-
teristic non-linear strain stiffening, allowing for
easy remodeling and high sensitivity at small
deformations and higher rigidity against strong
deformations (Sacks and Sun 2003). Collective
cell migration can be studied in vitro by wound
healing assays (Poujade et al. 2007; Sepilveda
etal. 2013; Szabd et al. 2006; Vedula et al. 2013),
where confluent cell layers are scratched and
the ensuing migration is observed in time lapse
microscopy. When those studies are performed
on substrates covered with collagen (Haga et al.
2005) and other gels (Ng et al. 2012) or micro-
patterned (Rottgermann et al. 2014; Saez et al.
2007), cell migration is found to crucially depend
on the substrate structure and stiffness.

The statistical properties of collective cell mi-
gration do not only depend on the interaction
between cells and substrate but also from the
mutual interactions among cells. Experiments
showed that cells are able to transfer mechan-
ical stresses to their neighbors (Tambe et al.
2011), producing long-ranged stress waves in the
monolayer (Banerjee et al. 2015; Serra-Picamal
et al. 2012). This observation suggests an anal-
ogy with disordered elastic systems in materials,
where the dynamics is ruled by the interplay
of elastic interactions and the interaction with a
quenched random field. In the case of collective
cell migration, the elastic interactions are pro-
vided by intracellular adhesion, while the role
of the random field is played by the substrate.
Disordered elastic systems in materials, such as
cracks lines (Maloy et al. 2006; Tallakstad et al.
2011), imbibition fronts (Clotet et al. 2014) or
ferromagnetic domain walls (Durin and Zapperi
2000), all share common features. When the
driving force (e.g. the external load for cracks,
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the fluid pressure for imbibition and the mag-
netic field in ferromagnets) overcomes a thresh-
old value the system flows while at low forces it is
pinned by the disorder. The depinning threshold
is associated with a non-equilibrium critical point
characterized by scaling laws for the statistical
properties of the dynamics, as revealed by numer-
ical simulations (Leschhorn et al. 1997; Rosso
et al. 2009) and renormalization group theory
(Chauve et al. 2001; Le Doussal and Wiese 2009;
Leschhorn et al. 1997; Narayan and Fisher 1992).
In particular close to the depinning threshold, the
dynamic of the front is strongly fluctuating and
intermittent, characterized by bursts of activity
or avalanches. The statistics of these avalanche
events follows a power law distribution with an
exponent that is universal (i.e. it does not depend
on the microscopic features of the system but
only on the general symmetry of the interac-
tions).

In a recent paper (Chepizhko et al. 2016),
we have shown by a careful analysis of time-
lapse imaging during wound healing that a mi-
grating cell front shares many similarities with
moving front close to the depinning transition.
The analysis has been performed on a variety
of cell lines (human cancer cells and epithelial
cells, mouse endothelial cells) over different sub-
strates (plastic, soluble and fibrillar collagen) and
with varying experimental conditions (such as the
tuning of intracellular adhesion by VE-cadherin
knock down). An example of the evolution of the
cell front in a monolayer of HeLa cell is reported
in the bottom part of Fig.5.3a. The fronts are
rough and advance in bursts, as it is apparent by
looking at activity map the top part of Fig.5.3a,
where the colored region corresponds to areas
that move collectively, denoted as clusters of
activity. Activity maps were obtained using an
algorithm devised to study avalanches in planar
crack propagation (Tallakstad et al. 2011) and
imbibition (Clotet et al. 2014). As in the case of
fracture or imbibition, the distribution of cluster
areas S decays as a power law P(S) ~ S7F up to
a cutoff length S*, as illustrated in Fig. 5.3b for a
variety of cell lines. It is interesting to remark that
the value of the exponent t ~~ 1.5 is independent
on the cell line (Chepizhko et al. 2016) and is
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Fig. 5.3 Dynamic fluctuations in wound healing experi-
ments. (a) An example of cell a cell front and the activity
maps reconstructed from the time evolution of the front
in Hela cells moving on a collagen substrate. Regions
marked by the same color in the activity map move
collectively. The scale bar is 100 wm. (b) Distributions of
the areas of activity clusters display power law scaling
with a cutoff. The distributions for different cell types

similar to the one observed in fracture (Tallakstad
etal. 2011).

In addition to the activity map, a useful tech-
nique to characterize the fluctuations in the dy-
namics of cell migration, both in confluent and in
wound healing conditions, is provided by particle
image velocimetry (PIV). PIV estimates local ve-
locities by performing a digital image correlation
analysis on the time-lapse sequence and allows
to obtain a velocity map as the one reported in
Fig.5.3c for HeLa cells. The figure shows that
cells move with significant fluctuations, also in-
volving local motion that is opposite to the propa-
gation direction of the front. The fluctuations can
be captured by measuring velocity distributions

«e Hela (soluble)
== lung-ECs

L »+simulation
E |#*MCF-10A
s VEC-positive

1 MEEERTTT 1 Ll (L4
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have been shifted for clarity. The slope obtained fitting
the distributions is very similar for all cell types. (c)
Velocity map obtained from particle image velocimetry.
The length of the arrows is proportional to the magnitude
of the velocity. (d) Distributions of velocity magnitudes
for different cell types. (Reprinted from Chepizhko et al.
(2016) with permission)

as the ones reported in Fig. 5.3d. The distribution
vary slightly for different cell lines, but the shape
of the distribution is similar in all cases.

5.4 TheJamming/Unjamming

Transition in Cell Assemblies

The flow behavior of a wide class of soft mat-
ter systems, from colloidal suspensions (Bonn
et al. 2002) to emulsions (Mason et al. 1996),
foams (Durian et al. 1991), gels (Segre et al.
2001) and pastes (Cloitre et al. 2003) is ruled by
the presence of kinematic constraints, leading to
jamming, a concept describing the suppression of
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temporal relaxation and the corresponding ability
to explore the space of configurations (Liu et al.
2010). These soft matter systems are typically
composed randomly arranged particles, whose
individual motion becomes constrained as the
density increases. As a result of this, a jammed
system responds like an elastic solid upon the
application of low shear stresses. Under the ac-
tion of externally applied shear stresses, however,
these systems eventually yield and are able to
flow like a viscous fluid. The yield stress depends
also on the density, hindering the motion, and on
the temperature that promotes flow. These obser-
vations can be summarized into a generic phase
diagram for jamming systems that is reported in
Fig.5.4.

It has been argued that the collective dynamics
of dense cellular assemblies, such as epithelial
monolayers or cancer cell colonies, can bee de-
scribed by the same framework employed for
disordered soft matter. In particular, experiments
show that cellular assemblies display slow glassy
relaxation (Angelini et al. 2011) leading to a
jammed state, characterized by limited cellular
motility (Park et al. 2015). Depending on the ex-
perimental conditions, cells can collectively flow
like a fluid, but mutual crowding typically leads
to slowing down and dynamic arrest in a way that
is similar to the behavior observed in soft matter

Fig. 5.4 A schematic
jamming phase diagram in
soft matter systems

FLOWING

1/Density

C. A. M. La Porta and S. Zapperi

across the jamming transition (Angelini et al.
2011; Park et al. 2015). As in disordered solids,
cell jamming can occur across different routes,
but the potential ways are clearly more diverse in
living systems than in soft matter. For instance,
cell jamming can be triggered by an increase of
cell density as in conventional soft matter, or by
other cell specific mechanism such the reduction
of the active forces responsible for cell motility
(Doxzen et al. 2013), increased intracellular ad-
hesion (Garcia et al. 2015) or the expression level
of some particular gene (Malinverno et al. 2017).
For instance, Malinverno et al. (2017) showed
that the over-expression of RABSA, a master reg-
ulator of endocytosis, leads to rapid fluidization
of a jammed epithelial layer. This unjamming is
thought to arise due to the polarization of cell
protrusion and increase in traction force. The role
of cell-cell adhesion in affecting the properties of
collective cell migration and the associated me-
chanical forces has been investigated extensively
by knocking down more than twenty individual
adhesion molecules (Bazellieres et al. 2015). The
results show that P-cadherin is related to the
strength of the adhesion forces, while E-cadherin
controls the rate at which force grow.
Understanding cell jamming is important, not
only for the intriguing analogies with soft mat-
ter systems but also for its possible functional

Temperature

FLOWING

Stress
JAMMED PHASE

FLOWING
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biological role. Jamming could assist the de-
velopment of tissue elasticity and the formation
protective barriers in epithelial tissues, as well as
suppressive mechanisms for the aberrant growth
of cancer cells. While experiments clearly show
that jamming is a relevant concept to describe
the behavior of cellular assemblies, it is difficult
to fine tune parameters to carefully study the
transition. This, however, can be done resorting
to theoretical and computational models, as we
discuss in the next section.

Discrete Models for
Collective Cell Migration

5.5

To understand the statistical properties of collec-
tive cell migration it is useful to resort to theoret-
ical and computational models. Models are inter-
esting because they not only allow to reproduce
with minimal ingredients the main features of the
experiments, but mostly because they allow to
identify the basic biophysical mechanisms ruling
the observed behavior. Furthermore, simulations
allow to explore the role of various biophysical
parameters in determining the migration proper-
ties of the assembly and sometimes to reconstruct
a possible phase diagram. The theoretical and
computational literature on the subject is rather
vast and here we restrict our attention to two main
classes of discrete models, based on interacting
active particles or Voronoi lattices. We refer the
reader to Chap. 4 for a detailed discussion of con-
tinuous models (Marchetti and Banerjee 2019).

5.5.1 Interacting Active Particles

In active particle models (Berthier 2014; Fily
et al. 2014; Flenner et al. 2016; Henkes et al.
2011; Liao and Xu 2018; Mandal et al. 2016;
Poujade et al. 2007; Sepulveda et al. 2013; Szabé
et al. 2006; Szamel 2016; Vedula et al. 2013),
cells are modeled as a set of particles mutually
interacting through an attractive force, due to
intra-cellular adhesion, and hard core repulsion
at short distances. Other important ingredients
capture the tendency of active particle to align
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their velocities and self-propulsion forces driving
the motion. Finally, the dynamics is affected by
noise.

One of the first active particle models for cell
migration (Szab6 et al. 2006) was constructed
in analogy with flocking models originally de-
vised to describe birds (Vicsek et al. 1995). The
model considers a two dimensional overdamped
equation in which the velocity of each cell is
driven by a combination of an active force and the
interaction with neighboring cells (Szabé et al.
20006):

% =n;(1)vy + Zfij, (5.3)
J

where vy is proportional to the self-propulsion

force and f;; is the force between neighboring

cells due to adhesion and repulsion. The cell ori-

entation axis n; evolves according to a stochastic

differential equation, parametrized by an angle 6;

do; 1 . Ta
—— =& (@O)+=arcsin [Z (; - (vi/[V)D]. (5.4)
dt T
Finally §;(¢) is a random uncorrelated Guassian
noise. The model was used to investigate the
density dependence of the cell flow patterns and
was found in good agreement with experiments
on one keratocytes in vitro. In particular, the
authors concluded that the transition to flocking
in the model is in the same universality class as in
the original flocking model (Vicsek et al. 1995).
A more refined active particle model for
collective cell migration was designed to study
wound healing in epithelial cells (Sepilveda
et al. 2013). In this case, the equation of motion
for each cell i was given by

dV,‘ ,3
E = —av; + Z]: I:ﬁi(vj — Vi) +f,'ji|

+ o (o)n; + Fr(x;) (5.5
where the sum is restricted to the nearest neigh-
bors of i, o is a damping parameter, 8 is the
velocity coupling strength and f;; is again the in-
teraction force. The equation of motion contains
a stochastic self-propulsion force o (p;)n;, where
n; follows an Ornstein-Uhlenbeck process with
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correlation time t:

dy;
‘L'_

- (5.6)

=-n; +§;,
§, is adelta-correlated white noise (§; (1) ; @) =
8;j6(t — t'). The amplitude of the noise term o
depends on the density of the neighboring cells

pi as

o(pi)) =00+ (o1 —o0)(L — pi/po),  (5.7)
where p; and pg are the local and global particle
densities, respectively. The neighbors of each
cell i are found considering a circle of radius R
surrounding the cell and then dividing it into 6
equal sectors. The neighbors are then defined as
the cells that are closer to the cell i in each sector.
The model as it is gives invasion fronts that
are too diffusive when compared to the experi-
ment. Therefore it was proposed to introduce a
resistance of the medium to the invasion process
(Sepilveda et al. 2013). To this end, one can
consider a set of tightly packed surface particles,
that are hindering cells to enter the empty space.
The interaction between a surface particle and a
cell is modeled by a simple repulsive potential.
Prolonged contact between particles and cells
leads to the damage of the latter, allowing cells
to invade. Numerical simulations of the model
allows to reproduce with great accuracy the ex-
perimentally observed dynamics in an epithelial
wound healing assay (see Fig.5.5).

The model can also be used to simulate the
role of leader cells (Sepilveda et al. 2013), a
subset of cells with a special phenotype that

Fig. 5.5 Comparison
between experiments on
epithelial wound healing
and simulations of an
active particle model.
(Image from Sepulveda
et al. 2013 (creative
commons))

would allow them to drive the collective migra-
tion process by finding the best path and dragging
the other cell with them (Khalil and Friedl 2010).
In the context of the experiment illustrated in
Fig.5.5, leader cells would be associated to the
formation of fingers in the front (Sepulveda et al.
2013).

The same model was later used to study the
statistical properties of front dynamics in wound
healing experiments, focusing on the avalanche
behavior discussed in Sect. 5.3. Numerical results
show that both the avalanche distributions and the
velocity distributions measured in experiments,
over a wide variety of cells are well described
the model. This is illustrated in Fig.5.3b and
Fig. 5.3b where the result of the simulations is
compared with the experimental curves obtain
from different cell lines (Chepizhko et al. 2016).

By fine tuning the parameters of Eq.5.5 it
is possible to fit quite accurately the not only
the qualitative shape of velocity distributions
(see Fig.5.3d) but also the actual values ve-
locity fluctuations and the correlation functions
(Chepizhko et al. 2018). In some cases, however,
a precise quantitative description can only be
obtained by adding to Eq.5.5 a self-propulsion
term Fy0 (Chepizhko et al. 2018), similar to the
one employed in Szabé et al. (2006). Using this
form of the model, it was possible to characterize
experiments on epithelial cells where the induc-
tion of RABSA leads to a dramatic fluidization
of a jammed cellular monolayer (Malinverno
et al. 2017). The comparison between experi-
ments in wound healing conditions and similar
experiments performed in confluent conditions
shows that the appearance of a wound is able

(mm)
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to induce a fluidization transition by a change
of the effective parameters in Eq.5.5. This is
a marked difference with respect to ordinary
soft matter systems where changes in boundary
conditions do not change the internal parameters.
It is instead a peculiarity of living matter where
cells can change their phenotype in response to
external stimuli.

5.5.2 Vertex and Voronoi Models

A different class of models of cell tissues is
based on vertex models (Bi et al. 2015, 2016;
Li and Sun 2014), originally developed to study
foams rheology (Okuzono and Kawasaki 1995;
Weaire and Kermode 1984). In those models,
cells are represented by polygons whose edges
and vertices are shared by neighboring cells. This
representation is well suited to describe a cell
monolayer or an epithelial sheet where cells are
in close contact and can form tight junctions. The
dynamics of the sheet is captured by equation of
motions for each vertex, possibly including rules
for topological changes in the edges. There is a
long tradition on the application of vertex models
to study tissue growth and deformation as well as
cell migration.

Here, we discuss a recent development of
vertex models where the moving degrees of free-
dom are not the vertices but the centers of the
polygons (Bi et al. 2016). This case is defined as
a Voronoi model, since the ensemble of polygons
are part of a Voronoi tessellation of the plane. The
elastic energy of each configuration composed by
N polygons is similar to the one used in other
vertex models and is given by

N
E =) [Ka(A) — A0)’ + Kp(P(r;) = P0)’].

= (5.8)
where A(r;) and P(r;) are area and perimeter of
the cell i, respectively. The quadratic energy is
designed to keep cell areas and perimeters close
to their target values Ap and Py. One can thus
characterize the energy by a dimensionless target
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shape py = Py/+/Ap. Finally, K, and Kp are
the elastic moduli describing deformations of the
area and the perimeter (Bi et al. 2016).

The equation of motion for each polygon is
overdamped, so that the velocity is proportional
to the sum of the forces given by the elastic
interactions and self-propulsion

dr; .
— = uF; + voit;,

- (5.9)

where F; is the elastic force derived from Eq. 5.8,
vo is the self-propulsion velocity and the vector
n; indicates the polarity of the cell i. In anal-
ogy with the active particle model described in
Sect.5.5.1, the polarity is parametrized by an
angle 6; evolving as

do;

Ezéi(t)

(5.10)
where &;(¢) is again an uncorrelated Gaussian
white noise.

Simulations of the self-propelled Voronoi
model allow to study the behavior as a function
of a few key parameters, like the self-propulsion
speed vy and the anisotropy po (Bi et al. 2016).
The results are summarized in Fig. 5.6c showing
the transition line between a solid-like and fluid-
like phase. The phase is determined by looking
at the trajectories of individual polygons. Those
are confined for the solid phase and diffusive in
the fluid phase. The results are similar to those
discussed for the active particle models, although
the system size dependence was not studied for
the self-propelled Voronoi model.

While the description of the jamming tran-
sition is similar for vertex models and particle
models, the latter seem more appropriate to study
wound healing conditions which require particles
to spread and possibly detach. Recent advances
in vertex models have, however, overcome the
limitations of periodic boundary conditions, al-
lowing the study of front propagation also in this
framework (Barton et al. 2017).
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Fig. 5.6 A comparison of active particle and vertex
models. (a) The phase diagram obtained from simulations
of the active particle model in terms of two parameters, the
noise amplitude o and the self-propulsion Fy (Chepizhko
et al. 2018). (b) In the jammed phase the particle self-
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5.6 Conclusions

In this chapter, we have highlighted some sim-
ilarities and differences between collective cell
migration and the rheology of soft, but inani-
mate matter. Tools and ideas developed to study
the physics of soft materials has been proven
very useful in interpreting some properties of
collective cell migration, with concept such as
jamming and scaling that are being increasingly
employed to describe cells. While the similarities
are sometimes striking, one should always bear
in mind the peculiarities of living cells that make
them different from conventional soft matter and

A4

diffusion is system size independent, while it depends on
the system size for the flowing phase. (¢, d) A similar
phase diagram can be obtained for the self-propelled
Voronoi model in terms of the self-propulsion velocity vg
and the anisotropy parameter po (Bi et al. 2016)

even active colloids. Cells can respond to external
stimuli by changing their phenotype in a complex
fashion, something that does not happen in ma-
terials. This leads to intriguing phenomena such
as the boundary induced unjamming observed in
confluent monolayers when a wound is produced
(Chepizhko et al. 2018). These aspects may have
important implications for critical biological and
pathological processes such as development or
tumor dissemination.
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Abstract

The last 20 years have seen the blooming of
microfluidics technologies applied to biologi-
cal sciences. Microfluidics provides effective
tools for biological analysis, allowing the
experimentalists to extend their playground
to single cells and single molecules, with
high throughput and resolution which were

Pei-Yin Chi and Pirjo Spuul contributed equally with all
other contributors.

P.-Y. Chi

Department of Engineering and System Science, National
Tsing Hua University, Hsinchu, Taiwan, Republic of
China

Nano Science and Technology Program, Taiwan
International Graduate Program, Academia Sinica,
Taipei, Taiwan, Republic of China

Institute of Physics, Academia Sinica, Taipei, Taiwan,
Republic of China

P. Spuul

Department of Chemistry and Biotechnology, Division of
Gene Technology, Tallinn University of Technology,
Tallinn, Estonia

F-G. Tseng

Department of Engineering and System Science, National
Tsing Hua University, Hsinchu, Taiwan, Republic of
China

Frontier Research Center on Fundamental and Applied
Sciences of Matters, National Tsing Hua University,
Hsinchu, Taiwan, Republic of China

Research Center for Applied Sciences, Academia Sinica,
Taipei, Taiwan, Republic of China

© Springer Nature Switzerland AG 2019

inconceivable few decades ago. In particular,
microfluidic devices are profoundly changing
the conventional way of studying the cell
motility and cell migratory dynamics. In this
chapter we will furnish a comprehensive view
of the advancements made in the research do-
main of confinement-induced cell migration,
thanks to the use of microfluidic devices. The
chapter is subdivided in three parts. Each sec-
tion will be addressing one of the fundamental
questions that the microfluidic technology is
contributing to unravel: (i) where cell migra-
tion takes place, (ii) why cells migrate and,
(iii) how the cells migrate. The first introduc-
tory part is devoted to  a thumbnail, and par-
tially historical, description of microfluidics
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and its impact in biological sciences. Stress
will be put on two aspects of the devices fab-
rication process, which are crucial for biolog-
ical applications: materials used and coating
methods. The second paragraph concerns the
cell migration induced by environmental cues:
chemical, leading to chemotaxis, mechanical,
at the basis of mechanotaxis, and electrical,
which induces electrotaxis. Each of them will
be addressed separately, highlighting the fun-
damental role of microfluidics in providing
the well-controlled experimental conditions
where cell migration can be induced, inves-
tigated and ultimately understood. The third
part of the chapter is entirely dedicated to
how the cells move in confined environments.
Invadosomes (the joint name for podosomes
and invadopodia) are cell protrusion that con-
tribute actively to cell migration or invasion.
The formation of invadosomes under confine-
ment is a research topic that only recently has
caught the attention of the scientific commu-
nity: microfluidic design is helping shaping
the future direction of this emerging field of
research.

Keywords

Microfluidics - Coating - Cell migration -
Chemotaxis - Mechanotaxis - Haptotaxis -
Durotaxis - Plithotaxis - Electrotaxis -
Invadosomes - Podosomes - Invadopodia -
Confinement - Microenvironment

Microfluidic Devices
in Biological Applications

6.1

Microfluidics deploys microfabricated structures
with dimensions going from 1 to 500 wm and
a volume capacity between 10~° and 101 1.
Microfluidic devices consist of a multiplicity
of common components: negative features refer
to empty spaces such as chambers, wells and
microchannels; positive components are filled
volumes of solid material like membranes, pil-
lars and beams, among others. Initially thought
for liquid handling (Tabeling 2005; Kirby 2010;
Chang and Yeo 2009; Manz et al. 1990), mi-
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crofluidics over time has displayed its enormous
potential in life sciences applications (Gravesen
et al. 1993; Mark et al. 2010; Wheeler et al.
2003; Zare and Kim 2010; Yin and Marshall
2012; Sriram et al. 2014). Indeed, exploiting the
large heterogeneity of components, their versa-
tility in terms of shape, rugosity and materials,
researchers could on one hand broaden their field
of investigation, and on the other ease the obser-
vations, by controlling the complete cellular en-
vironment. These components, while integrated
together, gave rise to the trailblazing idea of “lab
on a chip”, in the sense that an entire lab could
be fit into a single microfluidic device, inasmuch
a microelectronic circuit can be thought as a
computer on a chip. The true turning point was
the rapid expansion of soft-lithography in the
decade of 1995-2005: since then, a simple and
low-cost technology for fabricating devices that
combine channels and other microelements of the
cell dimensions, became suddenly within reach
of many experimental groups worldwide (Kim
et al. 2008). Microfluidic channels, indeed, offer
unquestionable advantages such as large surface-
to-volume ratio, small overall volumes and lami-
nar flow, to mention few.

In most cases, the early biologists’ enthusi-
asm for microfluidics stem from the practical
experimental advantages that this technology was
offering, rather than being driven by the possibil-
ity of observing new physics at the microscale.
Microfluidic devices, indeed, are physically and
chemically well-controlled environments. At the
same time, microdevices allowed a systematic
probe of the scaling of physical forces at the
microscale: while the physics laws stay unaltered
as compared to macroscopic systems, the scale
factor can play a crucial role in microscopic en-
vironments, leading different forces to prevail ac-
cording to the systems design (Velve-Casquillas
et al. 2010; Yeo et al. 2011).

To provide a quick example, one of the first
successes of microfluidics in biology has been
the cells culture medium fine control, in order to
mimic accurately the chemical gradients occur-
ring in many biological processes (Li and Francis
2011; Sackmann et al. 2014). Cells respond to
chemical gradients which can be confined to a
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region much smaller than their size. Thus, inves-
tigating their response to gradients, like the study
of the cells migratory activity responsiveness to
chemokines (Keenan and Folch 2008), requires
an extremely high spatial control of the media
concentrations. Opposite to macroscopic gradi-
ent generators, which offer a rather the scarse
spatiotemporal resolution, microfluidic devices
can create a large spectrum of biochemical gradi-
ents with highly controlled distribution in space
and time and subcellular resolution: time invari-
ant gradients, fast response dynamic gradients,
continuous or discrete gradients, subcellular res-
olution gradients, are just few examples (Irimia
et al. 2006).

Although the early microfluidic research was
deeply rooted on “analytical chemistry,” later the
scientific interest switched toward cell-based sys-
tems and toward the biochemical experimenta-
tion/analysis. This transition arose quite naturally
if one considers the fundamental breakthrough
that microfluidic technologies have enabled, the
possibility to handle with an unprecedented ac-
curacy single-cells and single-molecules. For in-
stance, the estimation of forces at the microscale,
the understanding of the role played by mechan-
ical cues and confining microenvironments on
cells functionalities, have largely stimulated the
use of microfluidics in mechanobiology. How-
ever, due to the intrinsic dynamical nature of
cells, the comparison between quantities mea-
sured in different labs, even using the same ex-
perimental procedures, turns out to be very prob-
lematic, as in the case of the estimation of small
forces. Nevertheless, the heterogeneity that one
can find in real living systems is even higher,
and (mechano)biologists may gain fundamen-
tal insights from appropriately designed experi-
ments and protocols, in order to assess the differ-
ence between theoretical models and experimen-
tal outcomes (Yeh et al. 2012).

Microfluidics has also weaknesses. For exam-
ple, microfluidics cannot be thought as valuable
tool in those applications in which fast flow
homogenization embodies a crucial aspect, as
it only produces slow diffusion-driven mixing.
Yet, this limitation can be rectified by having a
recourse to diverse integrated mixers. Moreover,
the changes in scaling laws may be the cause

of considerable problems while attempting to
adapt biological protocols to fit experiments in
microdevices. By instance, changing the osmo-
larity, the permeability to water vapor of the
elastomers used in the microfabrication processes
may lead to media drying. Thus, one has to be
extremely careful while comparing data arising
from macroscopic experiments and data from mi-
crosystems (Young and Beebe 2010). A thorough
and critical discussion about the microfluidic
toolset and its enormous impact on the chemical
and biological sciences, as well as on the future
opportunities that it will provide and challenges
that it will be facing, can be found in (Chiu et al.
2017).
6.1.1 Materials

At the dawn of macrofabrication era, structures
were mainly made of silicon and glass. Since
then, this technology has impressively expanded
including an enormous variety of components,
equipments and materials. These materials can be
summarily grouped into three classes: inorganic,
polymeric and paper (Nge et al. 2013). Nowa-
days, the inorganic materials domain goes far
beyond glass and silicon, encompassing substrata
such as vitroceramics and ceramics co-fired with
metal conductors. Thermoplastics and elastomers
alone, instead, complete the class of polymer-
based materials. Paper microfluidics is a sub-
stantially different and emergent technology, for
which we refer the reader to specialized reviews
(Martinez et al. 2009).

The microfluidic device material initially em-
ployed in biological applications was mainly sil-
icon. The nonspecific proteins adsorption typ-
ical of silicon substrates can be seriously di-
minished, and the cellular viability improved,
through silanol based surface chemical expo-
sition (Li et al. 2011). However, since silicon
is transparent to infrared but opaque to visible
light, usual techniques as fluorescence identifi-
cation and fluid imaging for complex biological
structures, may result to be particularly arduous
in silicon-made chips (Evstrapov 2017; Sriram
et al. 2017). For this reason essentially, the fo-
cus shifted to glass and, later, included polymer
substrates. It must be said that this problem,
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although serious, can be partially circumvented
if a transparent material, like polymer or glass,
is bound to silicon in a hybrid system. Devices
of this kind are droplet-based microfluidic sys-
tems for the polymerase chain reaction (PCR), or
highly aligned silicon nanowire (SiNW) clusters
for label-free cardiac biomarker detection. These
hybrid class of microdevices have led to the
recent renaissance of Si-based devices in biology.

After silicon, glass came on the scene, emerg-
ing as a suitable substrate material for a time. In
this case, structures are obtained by wet or dry
etching techniques into the glass surface (Sriram
et al. 2017). The poor background fluorescence
requires, as in the case of silicon, silanol based
modification chemistries. Glass is not gas per-
meable (Evstrapov 2017) and, most importantly,
is a viable substrate. The weakness of glass
microdevices is that the substance itself is rather
expensive.

The widespread use of elastomers as the
preferential material in chips microfabrication
is mainly due to two factors: the low cost and the
compatibility with biological samples. Among
elastomers, PDMS (Polydimethylsiloxane) holds
a prominent position. Commonly known as
silicone rubber, it is widely used in lubricating
oils as well as in the food industry (it is the
additive named E900) and cosmetics industry.
Below we list and briefly discuss some of the
properties that make PDMS one of the best
materials for microdevices:

¢ Transparency and other properties: PDMS
is optically transparent (UV transparency
> 220 nm) (Nge et al. 2013). Therefore,
micro-channels, micro-compartments and
their content can be visualized directly as
glass or silica substrate (Liao and Chou 2012).
Moreover, PDMS is a non-toxic material with
negative surface charge. Electrically it is an
insulator (breakdown voltage, 2 x 107 V/m)
(McDonald and Whitesides 2002; Gu et al.
2007)

 Elasticity/Stiffness: The elasticity of PDMS
makes this material particularly suited for var-
ious applications. Stiffness has a role in ori-
enting cell division, maintaining tissue bound-
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aries, driving differentiation and cell viability
(Handorf et al. 2015; Su et al. 2015). For in-
stance, seeding of fibroblasts on PDMS with-
out any ECM coating produced 45% reduction
in the cell viability (Park et al. 2010a, b).
Importantly, the substrate stiffness has been
proven to have a direct impact on cell mi-
gration, as discussed in more details in the
Sect. 6.2.2.2. From this perspective, the fact
that PDMS elasticity can be “tuned”, is of
fundamental importance. The stiffness of the
PDMS increases proportionally to the increase
of curing agent as follows: 20:1, 10:1, 5:1,
resulting in a Young’s modulus (E) equal to
280 kPa, 580 kPa, and 1000 kPa respectively
(Park et al. 2010a, b). Moreover, a stiffness
ranging from E = 5 kPa up to 1.72 Mpa,
has been achieved using different ratios of
commercially available cross-linking agents,
Sylgard 527 and Sylgard 184 (Palchesko et al.
2012). Having such a wide range of tunable
elasticity is extremely important for studying
cell response to substrate mechanics (Nemir
and West 2010). Such a large range of at-
tainable elasticity, indeed, covers most of the
stiffness of native tissues and organs (gray
matter~1.4 kPa (Budday et al. 2015), cartilage
~ 2.6 Mpa (Stoltz et al. 2004)), as discussed in
(Liu et al. 2015).

Cost: As mentioned before, PDMS is perhaps
the most widely used microfabrication mate-
rial in academic facilities. Indeed, it is much
less expensive than other microfluidic mate-
rials, and its rapid prototyping makes it an
excellent choice for mass production devices.
It is very easy to handle and the well-defined
topography of PDMS replica on nanometer-
scale (less than 100 nm) is also a standard
technique nowadays (Kim et al. 2002).
Permeability: PDMS is gas permeable, which
is extremely useful in a vast series of devices.
In particular PDMS is O, permeable, which
is advantageous in biological application, like
cell culture or migration. The estimated diffu-
sion coefficient for O, in PDMS at 300 K is
16 x 10° (cm?/s) by fractional free volume
calculated through the lattice-search method
(Charati and Stern 1998).
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Besides these properties, PDMS incorporates
several features that are fundamental in biolog-
ical applications. First, PDMS is a biocompati-
ble material (Sherman et al. 1999). Methods to
improve its biocompatibility are quite cheap and
simple, as to boil the PDMS for 5-60 min (Park et
al. 2010a, b), treating it with O, plasma, or to un-
dergo ECM coating (see Sect. 6.1.2). Secondly,
PDMS is a solvent compatible elastomer. The
stability of the PDMS materials in solvent is truly
important, since PDMS is used in the production
of devices loaded with solutions. For a thorough
discussion on the compatibility of PDMS to dif-
ferent solutions or organic solvents, we refer the
reader to the review (Lee et al. 2003). In par-
ticular, for biological applications the swelling
ratio is an important parameter to take into ac-
count, since devices are often treated with alcohol
for sterilization, or water (cell culture medium).
The swelling ratio is defined by S = DI/Dy,
where D is the length of PDMS in the solvent
and Dy is the length of the dry PDMS. The
swelling ratio of water and alcohol is 1.00, and
1.04 respectively, meaning that PDMS filled with
those solutions will not exhibit large structure
deformation.

However, the use of PDMS also has disad-
vantages. PDMS is an oligomer characterized by
a low molecular weight, which makes it possi-
ble to percolate into the medium solution, thus
affecting the viability of cells culture. Due to
its hydrophobic nature, PDMS can be easily
permeated by hydrophobic molecules and often
subject to non-specific proteins adsorption. As a
matter of fact, the contact angle in the PDMS-
based microfluidics increases to 115° after 6 h
of exposure to the ambient air (Leichlé et al.
2012; Tan et al. 2010). Chemical modification of
PDMS or its sister compounds can often address
these issues: surface can be made hydrophilic by
exposing it to air or oxygen plasma, introducing
silanol groups (Si-OH) instead of methyl (Si-
CH3;) groups. After the plasma treatment, PDMS
can rapidly regain hydrophobic groups if it is
prolongedly exposed to air. On the other side, its
hydrophilic state can be protracted indefinitely
by keeping the surface in water or other polar
organic solvents. In any case, albeit PDMS is

considered maybe the best material for proto-
typing uses and the most common substrate in
academic labs, it is outclassed by other materials
for commercial microfluidic end products.

Among elastomers, (TPE) is obtained by the
copolimerization of polyester and styrene at high
temperature (UV and/or heat). Using commer-
cialized thermoset polyester, microfluidic devices
are developed as an alternative to PDMS, as in the
case of the multichannel hybrid chip developed
for protein immobilization (Brassard et al. 2011).
If compared to PDMS, polyfluoropolyether diol
methacrylate (PFPE-DMA) does not swell while
put in contact with organic solvents. At the same
time it is stiffer than PDMS (Young’s modulus
nearly 10 times higher), and it offers a very
high precision in the molding process, reaching
a resolution of 50 nm.

In general, thermoplastics are transparent to
visible light and extremely versatile, resistant
to small molecules permeation, and much more
rigid than elastomers. Polystyrene (PS) is usually
adopted for fabrication of biocompatible devices,
as it enjoys many of the properties which are
essential for cell culture and analysis (Berthier et
al. 2012). Poly(methyl methacrylate) (PMMA),
also known under the trade names of Plexiglas
and Lucite among several others, is obtained
from methyl methacrylate, a liquid monomer,
by polimerization (polymethyl methacrylate is
indeed a solid polymer). PMMA offers several
important advantages, ranging from the compat-
ibility with biological samples, to the impossi-
bility of being gas permeable, to the low tem-
perature microfabrication (~100 °C). In analogy
to PDMS, several acrylic monomers undergo the
polimerization process on a mold, resulting in
micropatterned substrates with interface charac-
teristics that can be easily adjusted to the ex-
perimental scope. As PDMS, nonspecific pro-
teins and cells adsorption constitutes one of the
most serious disadvantages for PMMA (Kim
et al. 2006), which can be partially reduced
by surface incorporation of poly(ethylene gly-
col) (PEG) or poly(ethylene glycol) diacrylate
(PEGDA) (Rogers et al. 2011). Teflon microde-
vices are free of this problem, having low or ab-
sent protein nonspecific adsorption if compared
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to PDMS or PS. Moreover teflon exhibited a very
high biocompatibility (more than 5 days) and
remarkable gas permeability, as it was shown in
the case of HepG2 cells (Ren et al. 2011). Cyclic-
olefin copolymer (COC), finally, is transparent
to visible light and a versatile material, com-
patible with a wide range of acqueous solutions
and solvents. COC devices have been shown to
provide an extremely fast detection of E. Coli,
S. aureus and S. epidermidis (<20 min). (Peng
et al. 2010). Finally, materials such as polyethy-
lene glycol (PEG) (Liu et al. 2015), poly(lactic-
co-glycolic acid) (PLGA) (McUsic et al. 2012;
Chaurey et al. 2012), or photoresist such as SU-8
(Salomon et al. 2011) have been largely used for
the fabrication of biocompatible devices.

In the last two decades, as the importance
of the mechanical and environmental cues
on cell behavior was progressively unveiling,
microfluidics devices and microfabrication
technologies provided the suitable tools for the
systematic study the cells-substrate interactions.
Substrates exhibiting the range of elasticity
typical of many soft tissues found throughout
the body (0.1 kPa < E < 100 kPa), are made with
Polyacrylamide (PA). Tissue-specific stiffness
has been also obtained in other hydrogels
chips. In this case hydrogels can be synthetic,
like polyethylene glycol, or natural, based
on hyaluronan, dextrane and among many
others. The variability of stiffness in the body
however, is even greater and many tissues, like
basal membranes or those formed by collagen,
enzymes, and glycoproteins, are much stiffer
than any hydrogels substrate.

6.1.2 ECM Coating

Cells binds to the extracellular matrix (ECM) in
vivo, in particular their anchorage is provided by
carbohydrate moieties and proteins in it (Alberts
et al. 2002). The ECM composition depends on
tissues and organs, as it is the product principally
of connective tissue but it can be also produced
by other cells, like epithelial. Besides provid-
ing the right structure supporting cells binding,
ECM contains intrinsic biochemical and mechan-
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ical cues for tissues segregation and intracel-
lular communication, needed for the cells mi-
gratory dynamics regulation. Differentiated cells
no longer show distinctive attributes, if they are
isolated from ECM and cultured on substrates
without supportive coating or feeder layer. Nev-
ertheless ECM coating has only recently begun
to be considered a key aspect of microfluidic de-
sign for biological purposes. Indeed, although the
overwhelming majority of the current research
is directed to the investigation of the influence
of soluble factors on cell growth and migration
(Duffy et al. 2008; Yoshida et al. 2008), nu-
merous studies have undoubtedly pointed at the
relevant role that tissue-specific ECM coatings
play in maintaining cultured cells phenotypes and
functionalities.

Tissue-specific ~ biocompatible  substrata
for culture dishes and microfluidic devices
are frequently formed through commercially
purchasable ECM individual components
(McClelland et al. 2008). Matrix elements such
as collagen fibers, or glycoproteins such as
fibronectin or laminin, are largely employed
in cell culture because of their capability of
providing the correct substratum anchorage
to cells and to prolong their survival. At the
same time, it has undoubtedly demonstrated
that these components have a deep effect in
the maintenance of several vital functions, like
cells migration, differentiation and locomotion
(Zhang et al. 2009).

To create biological compatible microenvi-
ronment coating in PDMS based microfluidic
devices, it is highly recommendable to treat the
device with oxygen plasma prior to loading the
ECM solution. Oxygen plasma indeed, improves
considerably the chip’s uniform hydrophilicity
and cleanness. Without oxygen plasma treatment,
the ECM solution has to be introduced by brute
force because of the hydrophobicity building up
at the microscale. Furthermore, a hydrophobic—
hydrophilic dichotomy may develop in PDMS
microchannels bonded with a glass cover, as
glass is a hydrophilic material opposite to PDMS.
Therefore, the uniformity of the ensuing ECM
deposition can be considerably affected. How-
ever, deposition of ECM solution directly on
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the surface is possible for open devices such
as cell culture dishes, glass substrates or big
loading wells, if immersed in the ECM solution
long enough such as 1.5 h. or overnight at 25
or 37 °C. A typical PDMS-based microfluidic
device, coated with ECM solutions is show in
Fig. 6.1.

ECM coating is extremely useful also for
quantifying the effect of mechanical cues on
cellular response. As it will be amply discussed in
the Sect. 6.2.2, many types of adherent cells exert
contractile forces on the anchoring substratum
to gain useful informations about the surround-

Gelatin/bottom/glass

Fig. 6.1 ECM coating of a microchannel. A microchan-
nel of height 3 pm, length 250 pwm and width 50 pwm,
is coated with gelatin and fibronectin at the bottom
glass surface (panels a and b). (¢) Fibronectin coating

ing mechanical microenvironment. In this sense,
ECM acts as a passive mechanical medium, since
cells can actively reshape the ECM structure that
they are in contact to. But cells can also infer
mechanical clues from the surrounding ECM,
while this is actively applying a force onto them:
this typically happens when tissue components
are sheared, elongated or compressed. Yet, ECM
can function as a medium to convey mechanical
informations in a small-to-long range fashion.
As a matter of fact cells which are not in direct
contact, may interact one to another through
traction-induced ECM spatial inhomogeneities.

on the PDMS top surface. (d) An image of the middle
plane (dashed red lines) shows that only the channel
PDMS walls are coated by fibronectin, pointed by yellow
arrows
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Many kind of cells usually attach primarily
to the ECM rather than stick to other cells.
This offers an enormous practical advantage
while setting up an experimental protocol that
can mimick as close as possible the in vivo
conditions: cells can be put within or on an
ECM-enriched substrate, and their mechanical
behaviour can be acquired as an output.
Therefore, in order to reveal the influence of
different tissue-specific ECM components on
cell functionalities in confined environments,
coating microfluidic devices is mandatory.
For instance, bovine aortic endothelial (BAE)
cells have shown different migration speed and
different percentage of cells forming podosomes
in the fibronectin and non-fibronectin coated
microfluidic channels (Spuul et al. 2016a). NIH
3 T3 fibroblasts are known to migrate towards
stiffer substrate (see Sect. 6.2.2.2). However,
this happens on fibronectin coated mechanical
gradients but not on laminin ones. Interestingly,
combining the two matrix components does not
restore the durotaxis, highlighting the complexity
of the cellular response to microenvironment
(Hartman et al. 2017).

6.2  Cell Migration in Microfluidic

Devices

Cell motility is the capacity of cells to translocate
onto a solid substratum. This may occur within
complex, multicellular organisms or in non-live
environments (Ridley et al. 2003; Alt et al. 2012).
Cells migration is a complex biophysical phe-
nomenon arising as a consequence of a mul-
tiplicity of reasons, ranging from their forage,
to a series of morphogenetic events requiring
precursors activity, such as the need to generate
biostructures even at distant sites, or the proxim-
ity of environmental cues which trigger the cells
motion to attain a specific goal. These directional
cues can be classified into three types: chemo-
tactic, i.e. induced by chemoattractants, mechan-
otactic (caused by the mechanical properties of
the surroundings) and electrotactic (induced by
electric fields), or combinations of any of these
(Lauffenburger and Horwitz 1996).
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6.2.1 Chemotaxis

For most eukaryotic cell migration pathways in
vivo, the first step in cell migration involves
the sensing of a gradient. This directional
motion in response to chemical gradients
is generally referred to as chemotaxis (Van
Haastert and Devreotes 2004): chemotactic
stimuli, being chemoattractants or morphogens,
can be perceived by the cell through the use
of 7-transmembrane heterotrimeric G-protein-
coupled receptors (Hamm 1998). The G-protein
activation initiates a series of intracellular
signaling cascade in terms of the massive
production of second messenger molecules,
small molecules that coordinate the signaling
pathways, which eventually culminate in the
actin filaments polymerization (Hepler and
Gilman 1992). Indeed, the second step after
signaling is cell polarization i.e., the cells
propensity to express a stable front and rear
during migration, involving reorganization of
their actin cytoskeleton. Front and rear are
often referred to as leading and trailing edges
and they are characterized by very different
biomechanical and morphological structures.
Leading edge exhibites a vivid and protracted
actin polimeryzation which produces protrusive
structures, favoring the substratum adhesion.
Stable bundles instead form at the cell trailing
edge, and it is not entirely clear how this
stability can promote the fast release and ensuing
disassembly of focal adhesion sites. The nucleus
and microtubules are contained in the cell
central body. Third, new focal contacts are
formed and the cortex contracts, dragging the
cell body forward. This process continues until
the cell reaches the chemokine source. Once
it is surrounded by a high concentration of
the chemokine and the cell no longer senses a
gradient, migration will cease.

The need of having highly controlled chemical
concentration gradients, led to the production
of microscale gradient generators(jLGGs) (Irimia
et al. 2006; Keenan and Folch 2008; Kim et
al. 2010; Teerapanich et al. 2018). Compared
with conventional cell migration assays, flow-
based microfluidics has revolutioned the way
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chemotaxis studies were carried out, providing
a simple and reproducible experimental frame-
work for the quantitative analysis of the migra-
tion dynamics under highly-controlled gradient
conditions (Englert et al. 2009). Following an
initial development where migratory cell types
were investigated (e.g. bacteria and neutrophils),
new studies have focused on neurons, stem cells,
cancer and tissue cells among several others. One
of the striking advantages offered by gradient
microgenerators is the precise and flexible space-
time control of chemical gradients: this has been
largely exploited to address the cell responsive
dynamics to temporal perturbations or complex
spatial geometries (Irimia 2010; Li and Francis
2011). Flow-based devices, however, do not com-
plete the moltitude of the gradient microgener-
ator devices, as simpler and more realistic mi-
crofluidic gradient systems, such as flow-free de-
vices, were recently manufactured to address the
experimental needs (Kim et al. 2010; Wu et al.
2013). By instance, the need of finely controlling
chemical diffusion and increase the hydraulic
resistance, has required the insertion of physical
barriers such as microfabricated membranes or
gel grids into the device.

6.2.2 Mechanotaxis

Cells directional motility is also influenced by
the external forces as well as by the mechanical
features of the surrounding environment (Lange
and Fabry 2013; Roca-Cusachs et al. 2013).
This directed movement goes under the name
of mechanotaxis and corresponds to the cell
dynamical response to environmental cues
such as fluidic shear stress, substrate stiffness
gradients and stress anisotropy among others.
Living cells can sense mechanical forces or
deformation by i.e., transmembrane proteins or
cell structures aimed at converting the external
stress into an internal biochemical output. The
group of activities performed by mechanosensors
is called mechanosensing, and it starts with the
transmembrane proteins conformational changes
caused by an external mechanical perturbation,

followed by the alteration of the normal interplay
with the internal agonists. Mechanosensing is
inherently connected and sometimes overlapping
to mechanotransduction. The latter is defined
as the set of molecular processes involved in
the translation of the mechanical stimuli into
biochemical signals (Alenghat and Ingber 2002).
Usually, the activation of mechanotransduction
pathways by the mechanosensed external force
coincides with a second messengers massive pro-
duction such as cAMP. In addition to proteins
conformational changes, mechanotransduction is
induced by mechanosensitive or stretch-gated ion
channels deformation, or by the modification
of the equilibrium configuration of G-protein-
coupled receptors and of several more proteins
binding the ECM via focal adhesions. Yet, the
mechanosensing machinery and the activation of
the ensuing transduction pathways, is sensitive
to the type of stress exerted on the cell surface.
Shear stress indeed is responsible for the tensile-
and bending-induced conformational changes of
specific transmembrane proteins, which, in turn,
activate the MAPK pathway (Vogel and Sheetz
2006). During mechanotransduction stresses and
biochemical signals propagate across the cell,
while mechanosensing occurs mostly at the cell
periphery, precisely at the focal adhesion junc-
tions, as it has been recently shown. Some of the
conformational changes, however, involve cell
inner structures such as the cytoskeleton and the
nucleus. The phase after mechanotransduction
is the mechanoresponse, i.e. the way the cell
adjusts to the external stimuli. This includes the
modification of gene expression, the capability
of reshaping, stiffening or softening, adapting
Ca intake, and the assembly or disassembly of
cell-matrix adhesions (Lange and Fabry 2013).
Mechanoresponse ultimate effect is to generate
an internal force imbalance, such to push the cell
in a certain direction. Such dynamical instability
is the result of the interaction and polarization
of biochemical and mechanical elements i.e.,
actin-driven protrusions at the leading edge and
myosin-induced contractile forces at the trailing
edge. (Parsons et al. 2010).

Mechanotaxis can be subdivided into
three different “taxis” i.e., different ways of
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cell locomotion, according to the different
mechanical stimuli to which the cell has to
face: haptotaxis, durotaxis and plithotaxis. In
the following part, we will be addressing each
of them individually, focusing on the substantial
progresses that microfluidics has contributed to
produce within these research fields, in the last
decades.

6.2.2.1 Haptotaxis

At the leading edge, migratory cells explore the
surrounding microenvironment projecting actin-
driven lamellipodia on both sides of the cell
main axis. Within them, filopodia i.e., smaller
cytoplasmic actin protrusions, extend far beyond
lamellipodia boundaries. They are shown to be
fundamental in substrate sensing and promoting
and partially directing the cell motion. When
cells advance, the lamellipodia actin filaments
push against a large number of integrin-based
adhesive complexes, linking the substratum
to the cell surface. The focal adhesions are
simultaneously pulled from the back by myosin-
induced forces. The more cell-substrate junctions
are formed, the stronger is the force that can be
generated by lamellipodia protrusions moving
the cell forward, whereas fewer ones provide
weaker anchorage. Myosin pulling forces indeed,
have tendency to reduce the cell-substrate contact
surface and therefore the number of adhesion
complexes. Both sides of the cell engage a sort of
tug of war, whose winner sets the direction of the
motion. Haptotaxis is the cell capability to move
up a gradient of adhesion sites (Carter 1967). The
activity of integrin-based adhesions complexes,
however, is not limited to mechanosensing but
it extends to mechanotransduction, as signaling
pathways are triggered and/or modulated by the
interplay among different integrin-associated
protein families, such as Src kinases and Rho
GTPases (Geiger et al. 2009, Harburger and
Calderwood 2009). It is then problematic
to discern which part of the cell motion is
driven by haptotaxis, from that induced by
the integrin-based receptors activation and the
corresponding signaling cascade. The Ilatter
however, differs from chemotaxis by the fact
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that chemoattractants are expressed or bound on
the surface rather than in a soluble fluid (Moreno-
Arotzena et al. 2014).

The haptotaxis systematic investigation has
received a considerable boost from microfluidics
in recent years. Gradient microgenerators can
produce with high accuracy degrading chemoat-
tractant concentrations, that can be engraved in
the substratum by protein adsorption (Jiang et
al. 2005a, b). In an elementary T-junction mi-
crofluidic device indeed, two solutions, injected
one against the other, combine at the junction
forming a gradient of chemotactic bioagent at
the perpendicular T arm, diffusing across the
solutions-induced laminar flow. Then, the pro-
cess of biomolecule adsorption onto the substra-
tum is very rapid, owing to the large surface-to-
volume ratio typical of microfabricated devices
(Caelen et al. 2000). Devices features such as
shape, geometry and cross-section, as well as
the period of surface exposition to solutions, can
be easily adjusted during the design and fabri-
cation processes in order to achieve the desired
gradients pattern of bound chemoattractant to
the surface (Park et al. 2010a, b). This kind of
technology, although simple and fast, displays
shortcomings which have the undesired effects
of compromising the designed symmetry of the
imprinted pattern on the substrate. These can be
air bubbles or other type of micro-hindrances
disturbing the normal flow transit throughout the
device, but also the possibility of surface satura-
tion by chemoattractants, leading to the forma-
tion of proteins multilayers at the interface. A
simple solution to this problem has been recently
suggested in Hsu et al. 2005, were a new tech-
nique of collagen micropatterning could produce
step changes of the adsorbed molecules density.
Morevor, during the last decades, the blooming
of new microfabrication techniques have allowed
the production of cellular niches or, more gener-
ally three dimensional microstructures, faithfully
conformal to cell environments (Yeo et al. 2011;
Wu et al. 2013; Lee et al. 2012). Correspond-
ingly, properly designed diffusants microgenera-
tors, can shape the adsorbates gradient profile on
the 3D walls.
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6.2.2.2 Durotaxis
As outlined in the previous sections, a cell at-
tached to the ECM, or in general to an ad-
hesive substrate, generates internal actin- and
myosin-driven contractile forces necessary for its
motility. Cell migration indeed relies upon these
actin-myosin active forces, applied to the ECM
via focal adhesions: adhesion, contraction and
a final burst-pushing-forward constitute indeed
the three distinct phases of any cell motion. The
same forces, however, produce an internal stress,
called cytoskeletal pre-stress, responsible for the
considerable stiffening of adherent cells (Wang
et al. 2002; Kollmannsberger et al. 2011). In
general, the internal pre-stress is the necessary re-
quirement for the migratory dynamics activation
but, nevertheless, it has the undesired drawback
of cell stiffening, as they ultimately are ascrib-
able to the same origin: it has been undoubtedly
demonstrated the linear relationship among them,
save for a systematic offset. A stiffer cell can
hardly deform or move, displaying slower or no
migration at all. This conflict recalls, in nuce,
what ordinary skeletal muscles face while con-
tracting: higher forces produce lower shortening
velocities, while forces are almost absent during
fast shrinking. This is not surprising if one con-
siders the common acto-myosin nature of cells as
well as muscle forces (Hill 1938). The rigidity of
the substrate plays, in this respect, a pivotal role
since stiffer substrates support stronger contacts
at the cell adhesive interfaces, allowing the build-
up of larger traction forces and a large spreading
(Discher et al. 2005). A soft substrate on the other
side, slipping under mechanical load, will be
less efficient and will largely deform, preventing
the cell to create the necessary conditions for
the force accumulation and ensuing spreading.
Stiffness-dependent spreading explains, at least
from a purely mechanical point of view, why
cells are more polarized on the stiffer substrate,
and direct their migration from softer regions to
those characterized by higher stiffness, while si-
multaneously decreasing their velocity, a process
called durotaxis (Harland et al. 2011; Lange and
Fabry 2013; Feng et al. 2018).

The contribution furnished by microfluidic
to the understanding of the intimate connection

existing between cell migratory dynamics and
internal tensile self-generated forces, has been
substantial. Common assays offer direct or in-
direct ways of inducing cell deformation, such
as traction force microscopy on micropillars, mi-
croneedle posts and microcontact arrays (Tan
et al. 2003), or on a compliant gel encapsulat-
ing fluorescent beads (Han et al. 2012). Besides
characterizing the cell morphology by varying
the density, stiffness and size of adhesion sites,
these techniques can also quantify the magnitude
of traction forces generated by cells. By instance,
when micropillars are run over by a growing
cell, they bend as a consequence of the trac-
tion forces applied on their tips and surrounding
regions. Hence, they can be used as cantilever
to quantify the magnitude of these forces, by
simply monitoring their displacement. Two are
the ingredients affecting such measurement: the
microfabricated pillars geometry and the material
stiffness. By varying each of them, one obtains
devices within a wide degree of stiffness. The
force estimate is relatively easy and it does not
rely on any reference image, as the pillars ref-
erence positions are set up by the array unper-
turbed configuration, which is known. This type
of studies have demonstrated on one hand that
the spreading of the cell correlates to a certain
amount of gene up- and down-regulation and,
on the other, they allowed a precise characteriza-
tion of the mechanical conditions contributing to
the mechanotransduction response and biochem-
ical pathways activation (Dalby et al. 2005). As
stressed, strong adhesive attachments on a flat
2D stiff matrix have the effect to promoting the
cell spreading and large traction forces, but they
are also required for the cell endocytosis, shape
stability and resistance against fluid shear stress.
However they also make the cell stiffer, suppress-
ing considerably its migratory propehension. The
opposite happens in 3D microenvironments, like
a dense 3D biopolymer network, through which
cells migrate, by sensing a stronger hindrance to
spreading and motion than in 2D systems. In this
situation strong focal adhesions and high traction
forces are needed to pull the cell within the
network and to move the matrix fibers away, thus
propelling rather than slowing down the motion.
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As a matter of fact, recently it has been shown as
for cells migrating through a 3D microfabricated
biopolymer fiber matrix, direction, polarization
and cell orientation are positively correlated with
the magnitude of detected forces (Koch et al.
2012).

6.2.2.3 Plithotaxis

Cells move in the interstitial space of tissues and
organs. Therefore, understanding how the micro-
environment geometry and confinement influ-
ence their motion constitutes a central question.
In this respect, the use of versatile microfluidic
devices, with varying geometry, can elucidate
some basic mechanism of cells motility and helps
to extract the physical parameters controlling
the migration. The systematic analysis of the
experimental images from time-lapse movies re-
veals physical quantities like cell and boundaries
velocity, conformational and directional dynam-
ics, fluctuation of speed. By instance, varying
the confinement degree, the question of the cell
velocity in large and narrow interstitial environ-
ments is practically addressed: cells move faster
when they are in 2D-confinement as compared
with a non-confined 2D-environment, but mi-
grate slower when they move through narrow
constrictions. In this respect, when migration is
restricted in one dimension (channels), fast and
persistent motion of individual cells is observed
for several hours in the absence of external chem-
ical gradients (Irimia et al. 2009). Furthermore,
the asymmetry of the patterning may be a dis-
criminating factor: in a teardrop-shaped microde-
vice, a cell will protrude its lamellipodia from the
sharp to the blunt end and, once released, it will
likely move toward the blunt end direction (Jiang
et al. 2005a, b). In artificial confinements, a cell
will adopt the same motile strategies as migrating
through a sheet of identical cells. In this case,
traction forces deriving from cell-cell interaction
must be added to the usual cell-ECM focal ad-
hesions. The contribution given by microfluidics
in this research domain has been substantial: the
elaborated velocity field and the inferred force
field can be evaluated at the intracellular contact
points, with such an accuracy that normal and
shear components can be enucleated. (Ladoux
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2009; Trepat et al. 2009; Trepat and Fredberg
2011; Tambe et al. 2011). Forces between cells
display an extremely high space-time hetero-
geneity, which is spread everywhere throughout
the monolayer, i.e. it is not specific to some
cell or group of cells. The stress arising from
the single cell traction forces propagates to the
adjacent cells via surface contacts, yielding to a
long-ranged stress alignment that can span over
multiple cell sizes. The motion of a single cell
is due to the stress imbalance rather than to the
experienced stress magnitude, thus explaining the
observed dynamical heterogeneity. However, it
happens that the largest stress is measured in
cells where the imbalance is also the largest. As
a consequence, the cell motion is driven by the
stress anysotropy, a process called plithotaxis.

6.2.3 Electrotaxis

It is known that cells move in a direct current
electric field, although not all migrate in the
same direction, neither respond to the electrical
stimulus in the same way (Robinson and Kenneth
1985; Swami et al. 2009). This type of migra-
tory motion goes under the name of electrotaxis
or galvanotaxis(Cortese et al. 2014). A remark-
able example is furnished by the epithelial cells,
whose electrotactic migration is stimulated by
wound healing. An electric potential difference
indeed is generated crosswise the epithelial lay-
ers, with the basal lamina functioning as anode
and the upper part as chatode. This electric po-
tential is called trans-epithelial potential (TEP).
A wound damage causes disruption of the ep-
ithelial barrier, therefore creating a low resistive
shortcut between the epithelium layers, whose
high resistance in normal conditions would pre-
vent any cell motion. The wound acts as a low-
resistance cathode, thus attracting the epithelial
cells which are positively charged. The sensing
machinery involved in electromigration is still
unclear, whereas there is partial evidence that ion
channels and surface receptors dynamics could
take active part in it (McCaig et al. 2005). In
spite of this, electrotaxis is heavily influenced
by the surrounding conditions such as medium
concentration, and it does not occur in any type of
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cell nor invest the activation of similar signaling
pathways.

In recent years microfluidics has provided the
suitable platform for the efficient investigation
of the cell electrotactic activity (Li and Francis
2011). In these assays, an uniform electric field
is applied to cells confined in microchannels,
monitoring their migratory activity by real-time
imaging. Moreover, in microfabricated channels
the Joule heating is drastically suppressed
due to the devices dimensions, allowing high-
throughput experiments to be carried out
easily. This is a considerable advancement, if
one considers the shortcomings arising in the
conventional Petri dishes, including the absence
of miniaturization and the lack of spatial control
of the electric field. Finally, as the manufacturing
process is analogous to chemotactic assays,
chemotaxis and electrotaxis migration stimuli
can be superimposed and the their interplay
studied and quantified on the same chip, with
a particular focus on the diversity of effects that
they can produce on cell migration (Li et al.
2011; Wang et al. 2011).

Invadosome Formation
in Confined Environments

6.3

Invadosomes are actin-rich adhesive structures
that mediate matrix degradation, mechanosens-
ing, cell migration and invasion (Genot and Glig-
orijevic 2014). Therefore, their role in normal
development as well as in disease progression is
of fundamental importance (Paterson and Court-
neidge 2018).

Invadosomes are formations common to many
cells, such as macrophages, osteoclasts, vascu-
lar smooth muscle cells, endothelial cells, Src-
transformed fibroblasts, and cancer cells (See
Fig. 6.2a, b). More commonly, by definition,
invadosomes refer to a group of punctate struc-
tures that can be found in normal cells (known
as podosomes) and in cancer cells (invadopo-
dia). Their diameter ranges between 0.5 pm and
2 wm, whereas the length is 0.2 um-0.4 pm
in the case of podosomes, and 2 pm-5 wm for
invadopodia (Linder 2007). Invadosomes consist
of a core structure where a dense filamentous (F)-

actin is associated with actin regulatory proteins
such as Arp2/3, WASP/N-WASP, cortactin. The
actin-rich core is surrounded by adhesive clus-
ters which contain integrins, vinculin, talin and
other focal adhesion proteins (Linder 2007) (Fig.
6.2c). The scaffolding and Src substrate Tks5
(SH3PXD2A) is a marker of the structures. In ad-
dition, podosomes in macrophages and dendritic
cells contain a substructure, called cap structure,
that is proposed to serve as a hub for incoming
vesicles and might be involved in podosome-
associated contractility (Bhuwania et al. 2012;
Linder and Wiesner 2015; Cervero et al. 2018).

Podosomes form an interconnected network
that allows a collective behavior and communi-
cation between single protrusions (Luxenburg et
al. 2007; van den Dries et al. 2013). At the same
time, connections between individual podosomes
entail the efficient organization into higher-order
structures like clusters, rosettes, rings or belts
(Veillat et al. 2015). This organization pattern
is absent for invadopodia (Fig. 6.2a, b). They
are also fewer in number, approximately be-
tween 1 and 10 per cell, in striking contrast with
podosomes that range between 10 and several
hundred (Linder 2007).

Invadosomes differ from other adhesive cell
structures, such as focal or fibrillar adhesions by
their proteolytic capacities mediated by metallo-
proteases (Linder 2007). This inherent ability to
degrade the ECM allows cells in restricted areas
to create room for new biological structures,
opening paths for cells to migrate. Podosomes, in
general, enable a broader and shallower degrada-
tion of the surrounding matrix, while invadopo-
dia induce a more focused and deeper pene-
trating ECM degradation (Fig. 6.2c¢). This is
crucial in migrating processes like cancer cell
extravasation, leukocyte trafficking, and angio-
genic sprouting, namely for those biological pro-
cesses characterized by the crossing of anatom-
ical boundaries (Genot and Gligorijevic 2014).
For instance, the endothelial podosomes appear
to be the critical regulators of developmental
sprouting angiogenesis in vivo through breaking
vascular basement membrane (BM) (Spuul et
al. 2016b). In addition, endothelial podosome
rosettes have been shown to control the branch-
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Fig. 6.2 Invadosome architecture, patterning and
schematic representation. (a) Invadosomes form in
different cell types and show great diversity in sub-
cellular arrangements. (a) A stationary macrophage
with individual podosomes covering the majority of
the substrate-attached cell side; (b) a TGFp-stimulated
endothelial cell with an interconnected podosomes
forming a rosette superstructure; (¢) Rous sarcoma

virus (RSV)-transformed fibroblasts with numerous
invadosome rosettes; (d) a cancer cell with invadopodia
located in the vicinity of the nucleus. (b) Invadosome
architecture and patterning in cells corresponding to panel
A shown at higher magnification. (a, b) Invadosomes
are visualized with F-actin (red) and vinculin (green)
staining and nucleus is highlighted in blue. (¢) Schematic
representation of invadosomes: podosomes (a) and
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ing of blood vessels in a model of pathological
angiogenesis (Seano and Primo 2015).

Invadopodia characterize the migration phase
of cancer cells, whereas podosomes appear spon-
taneously in myelomonocytic cells or upon stim-
ulation in non-hematopoietic cells, like endothe-
lial cells (ECs) (Veillat et al. 2015). Generally
speaking, invadosomes can be induced by differ-
ent growth factors like TGFP (Varon et al. 2006),
VEGF-A (Daubon et al. 2016); matrix compo-
nents Collagen (Juin et al. 2012), Fibronectin
(Spuul et al. 2016a), Collagen-IV (Daubon et
al. 2016), mechanical cues (Spuul et al. 2016a),
bacterial infection (Le Roux Goglin et al. 2012),
and a variety of other signaling pathways and
microenvironmental cues.

Because of their active part in cell migration,
the past 3 years have witnessed a considerable
thrive of research on podosomes and invadopo-
dia, including the discovery of novel compo-
nents, the characterization of stimuli required for
their formation, and the establishment of their in
vivo relevance. Formation of invadosomes under
confinement instead, is a research topic that has
come up only recently. The understanding of how
the microenvironmental and the surrounding me-
chanical cues promote (or suppress) invadosome
formation and the ensuing alterations in their
dynamics, constitutes the powerful fly-wheel for
the research activity in this field. Experimental
studies in this new-born area of investigation
are still limited, and include in vivo studies or
ex vivo studies based on the use of transwell
devices or involving 2D, quasi-2D confinements
and microfluidics experiments (see Fig. 6.3 for a
schematic representation of the different confine-
ment environments).

In the next sections we will be reviewing in
details the aforementioned studies, going, when

<

possible, through podosomes and invadopodia
separately.

Invadosomes Formation
in in vivo Environments

6.3.1

Cells observed in vivo are surrounded by the
native ECM and bio-molecules, and naturally
restricted from the best fit environment. For in-
stance, endothelial cells (ECs), which line the
inner surface of all blood vessels, are exposed to
many mechanical cues like confinement-induced
constrictions, shear stress, ECM composition and
rigidity, vascular topography in vivo: they re-
spond to these cues by adapting their behavior.
However, the in vivo setup comes with sev-
eral drawbacks including practical difficulties of
comparing the response of target cells exposed
to different drugs or reagents in parallel, and to
observe the invadosomes dynamics in real time.
As a result, the general protocol is to perform
immunohistochemical examination of the sam-
ples, so that ex vivo and truly in vivo studies
are often used as synonyms. As a first exam-
ple, two invadopodia-related proteins, namely
actinin-1 and cortactin, are found colocalized at
the matrix—contact-side in lung adenocarcinoma
cells, and these observations were extrapolated to
the metastatic invasion in patients which did not
undergo a preoperative chemotherapy (Hirooka
etal. 2011).

Confocal microscopy is the privileged tool
for the observation of samples with limited
thickness, around 250 wm, depending on the
lens magnification and sample transparency.
Mouse aortic explants exposed to TGFP in
vitro were observed by confocal microscope,
showing that the endothelial podosome rosettes

Fig. 6.2 (continued) invadopodia (b). (a) Podosomes
are columnar structures that extend upwards from ven-
tral cell surface into the cytoplasm and have a core
of F-actin associated with Arp2/3/WASP/Cdc42 driv-
ing the actin polymerization. The core is surrounded
by and linked to the adhesive clusters containing inte-
grins and other focal adhesion proteins through radial

actin filaments. (b) Invadopodia penetrate into the ECM
as long filopodial-like membrane extensions having the
Arp2/3/N-WASP complex at the base of the invadopodia.
The adhesive clusters do not form a ring around the
core in invadopodia. (Figure reproduced from (Spuul et
al. 2014) with permission from Taylor & Francis Ltd.
(www.tandonline.com))
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2D environment

Quas-2D environment

Open surface

Groove patterns

.

Hydrophobicity: Teflon, PS, PEN,

and PMMA (van den Dries et al. 2012)
Substrate rigidity: glass, culture dish,
PDMS, PA etc. (Collin et al. 2006)
ECM coating/surface stiffness:

density of gelatin; PA gels, glass
(Alexander et al. 2008)

Gel degradation assay

= Grooves obtained by scratching the
glass surface (Kedziora et al. 2016)
Nanoimprinted grooves of
poly(lactic-co-glycolic acid)
(Suetal 2015)

@

* ECM coating: fibronectin,

BME mixture, collagen etc.
Substrate rigidity: different

range of stiffness of PA gel, gelatin
coating (Alexander et al. 2008)

.

Ridge patterns

Microfluidic devices

* Metal ridges on R-G-D membrane by
e-beam lithography and deposition
(Yuetal. 2013)

Hydrogel pattern by microcontact
printing method

(van den Dries et al. 2012)

Channel mimics 3D

Middle channel serves as cell
incubation chamber

Medium supply from side channels
Cells mixed with ECM materials
mimicking 3D environment
(Wang et al. 2013)

.

Fibronectin/rlgGI1-FITC printed
hydrogel (van den Dries et al. 2012)

Channel height smaller than nucleus size

Transwell assay

« PDMS based slits
« Different ECM and fibronectin coating
« Different stiffness of the top PDMS
slab and bottom glass
(Spuul et al. 2016a)

Polycarbonate filters

(porous membrane) filled with
crosslinked gelatin
(Gawden-Bone et al. 2010)

fune

Fig. 6.3 Experimental setups for the study of invado-
somes formation and dynamics. PS polystyrene, PEN
polyethylene naphthalate, PMMA polymethyl methacry-

observed under TGFf stimulation in ECs in
the culture dish, could be also visualized
in the endothelium of native arterial vessel.
Moreover, basement membrane Collagen-IV
degradation was observed under the podosome
rosettes (Rottiers et al. 2009). Similar results
were obtained with mouse aortic explants
exposed to angiogenic stimulation VEGF where
podosome rosettes were detected in the vascular
angiogenic endothelium on the vessel side
(Seano and Primo 2015).

Demonstration of podosomes in the native
tissue in situ has been described during
angiogenesis in the retina mouse model
(Spuul et al. 2016b). VEGF-A/Notch-regulated

late, PDMS polydimethylsiloxane, PA polyamide, ECM
extracellular matrix, BME basal medium eagle, FN fi-
bronectin, R-G-D tripeptideArg-Gly-Asp

podosomes in angiogenic ECs were shown to
degrade the basement membrane Collagen-IV
facilitating sprouting within the developing
vasculature. Importantly, the podosomes seen
in microvascular tip cells present as single F-
actin/Cortactin/P-Src rich globular structures,
thus morphologically distinct from cultured EC
2D podosomes arranged in rosettes. However,
more distally, the podosomes detected in angio-
genic large vessels appeared as interconnected
single dots or sometimes in clusters. Therefore,
the study highlighted the importance of the
microenvironment in regulating the arrangement
of podosomes in angiogenic ECs (see also below
Sect. 6.3.4).
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Moreover, intravital microscopy, which
enables observation of dynamic biological
processes, and a depth in the range of tens
of microns to less than 2 mm underneath the
biological sample surface, has allowed in vivo
imaging of invadosomes activities (Andresen et
al. 2012; Masedunskas et al. 2012; Gabriel et al.
2018).

In vivo, the lesions occurring in cardiovascular
diseases or tumors are characterized by fibrosis.
Interestingly, these fibrotic lesions, associated
with stiffened ECM (Kai et al. 2016), promote
aberrant cellular mechanotransduction and en-
able resident cells migration by the assembly of
the invadosomes and lamellae.

6.3.2 Transwell Assays

Biological barriers are omnipresent in in vivo
environments. It is however difficult to set well-
controlled physical or chemical environments
reproducing the heterogeneity found in natural
systems. Thus, engineering microenvironments
for the analysis of cells migrating in a constricted
space, and using a variety of biomaterials, has be-
come a fundamental issue. This has led to study
the intimate relationship between the invadosome
machinery and cell migration across physical
barriers, providing a better understanding of cell
behavior in real physiological or pathological
situations. Transwell devices are commonly used
to study cell migration and invasion (Kramer
et al. 2013), as membrane with various pore
sizes are commercially available. The transwell
method has been also applied to the invadosome
dynamics studies, where porous membranes
can be coated with ECM proteins (Fig. 6.3).
In one study, immature dendritic cells (iDCs)
were seeded on polycarbonate filters that had
been coated with crosslinked gelatin (Gawden-
Bone et al. 2010). Invadosomes in iDCs were
shown to detect the pores and adopt a protrusive
architecture where the actin core engaged into the
pore. The matrix degrading activity was shown
to depend on the matrix metalloproteinase MMP-
14 by using both electron microscopy and three-
dimensional structured illumination microscopy.

6.3.3 Invadosomes Formationin 2D

Environments

Many factors, such as the stiffness of the ECM,
the rigidity of the substratum, the surface mate-
rials and geometry, and other mechanical cues,
influence invadosomes formation and dynamics
(Fig. 6.3). The cellular response to these en-
vironmental cues has been mainly studied in
strictly 2D contexts that ease the experimental
preparation and invadosomes detection. It should
be kept in mind that podosomes morphology as-
sessed in 2D setups markedly differs from that in
3D microenvironments and from that visualized
in vivo. Likewise, invadosome dynamics is ex-
pected to be significantly different in 2D and 3D
contexts.

Different substrate materials such as glass
cover slides or culture dishes can be used, coated
or not with ECM proteins. The invadosomes
response to hydrophobicity has been addressed
by varying the substrate material: Teflon, PS,
PEN and PMMA were used in the 2D envi-
ronments, ranging from the most hydrophobic
(Teflon) to the most hydrophilic one (PMMA)
(van den Dries et al. 2012). Remarkably, in these
experiments, the formation of invadosomes in
iDCs was not significantly affected by substrate
hydrophobicity.

Mechanical cues alter both cell migration
mode and cell morphology in 2D, and similarly
invadosomes activity. In one study (Lo et al.
2000), the term durotaxis was coined: 3 T3 cells
on collagen-coated polyacrylamide sheets, where
a gradient of rigidity was produced, exhibited a
preferential motion toward the stiffer substrate.
Six years later, this tendency was shown to be
connected with the activity of invadosomes.
On similar collagen-I-coated polyacrylamide
substrates with varying stiffness, another study
explored for the first time the dynamics of
invadosomes formed by GFP-actin transfected
NIH-3 T3 fibroblasts (Collin et al. 2006). The
transition in rigidity on the polyacrylamide
substrate was introduced by controlling the
ratio between monomer and cross-linker
concentrations (Pelham and Wang 1998). Two
different ratios of bisacrylamide/acrylamide
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(0.2%, 0.08%) were used and invadosome
dynamics on these substrates was compared with
the corresponding situation on glass (defined
as the reference rigid substrate). It was found
that increasing substrate stiffness leads to a
remarkable increase in podosome lifespan.
Experiments have also pointed out how the
podosome rosettes appear more blurred on soft
substrates than on rigid ones. At the same time,
increasing substrate rigidity, decreased the mean
distance between neighboring podosomes within
the rosette (Collin et al. 2006).

The interplay between ECM density and sub-
strate rigidity also affects invadosomes function-
ality, as demonstrated by ECM degradation as-
says (Alexander et al. 2008). In this type of
assays, coating is typically achieved by fluores-
cence dye-ECM materials: that allows quanti-
tative analysis as the surface of the degraded
matrix can be assessed (i.e loss of fluorescence).
CAld breast carcinoma cells were cultured on
ECM substrate of 0.5-5% gelatin with storage
modulus ranging from 61 to 1190 Pa, coated with
FITC-labeled fibronectin (FITC-FN). Invadopo-
dia increased in numbers and the ECM-degraded
area was increased on denser gelatin substrates
(2.5-5% gelatin), showing that the rigidity pro-
moted invadopodia proteolytic activity. However,
increasing the gelatin concentration could also
increase the number of integrin binding sites
and integrin ligation which is known to promote
invadopodia formation. CAld breast carcinoma
cells cultured on stiffer (3300 Pa) polyacrylamide
gels, with 1% of gelatin and FITC-FN coating,
produced even more invadopodia with increased
ECM degradation capabilities, as compared to
cells cultured on softer gels (360 Pa) (Alexander
et al. 2008).

Another way of confining the invadosomes
in a quasi-2D microenvironments, and thereby
study how the geometry influences their forma-
tion, is to force them into patterned surfaces
(Fig. 6.3). The topological pattern can be man-
ufactured by elementary engineering methods,
such as the scratching of the glass surface in
order to produce straight grooves. In (Kedziora
et al. 2016), 375 M (melanoma) cells express-
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ing active c-Src (SrcY530F) were seeded on
scratched glass coverslips, and the upforming
invadosomes were found to protrude along the
patterned grooves. The same alignment dynamics
in length and direction of retraction fibers was
observed during fibroblast cell division (Su et
al. 2015). Another method to create 1D pat-
terns in a 2D system is the deposition of metal
lines on the tripeptide Arg-Gly-Asp (RGD) mem-
branes. In the experiment reported in ref. (Yu and
Groves 2010), 100 nm width metal ridges were
fabricated by e-beam lithography and thin film
deposition. Since lipid molecules can only self-
assemble on the glass substrate, the ridges could
then serve as metal borders intercalated between
RGD stripes. Fibroblasts were seeded on top of
the RGD membranes separated by the metal ridge
patterns, and the ensuing invadosomes formation
was observed to depend critically on the ridges
density and their relative spacing. Cells formed
less percentage of invadosomes when spreading
on denser patterning on RGD membranes (Yu
et al. 2013), suggesting that line spacing and
density influence trivially on the invadosomes ac-
tivity. When DC were seeded on micropatterned
substrates, with grooves of various heights and
width ranging from 2 to 20 wm, the podosomes
were observed to invariably align along the edges
notwithstanding the shape of the pattern or of the
physico-chemical substrate characteristics (van
den Dries et al. 2012). Moreover, podosomes
were predominantly formed on the edge of the
patterns.

The microcontact printing method is another
frequently used method to generate multiple
quasi-2D patterns by PDMS stamp (van den
Dries et al. 2012). By this method, circular
patterns of fibronectin/rIgG1-FITC printed
hydrogel were generated, and iDC were seeded
on spots of diameters in the range 5 pm-—
20 wm, with a distance between spots between
7.5 and 10 pm. Interestingly, it was shown
that the number of invadosomes formed on
the spots directly correlated with their size.
Most intriguingly, the number of invadosomes
spreading on different spot size remained quite
stable.
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6.3.4 Invadosomes Formation

in Microfluidic Devices

The need for well-controlled experimental con-
ditions, e.g., equal exposure of cells to drugs
and reagents, or reproducible geometric envi-
ronments and chemical conditions, strongly pro-
moted the use of microfluidic devices to unveil
the invadosomes functionalities in confined space
(Fig. 6.3).

The study reported by Li and colleagues
showed how to quantify the migration of
macrophage-assisted cancer cells inside a device
consisting in 3 parallel microchannels (Li et
al. 2017). The middle channel was loaded
with macrophages and cancer cells together
with collagen-I gel, with both ends bathing in
the culture medium. The posts lining between
the boundaries of the parallel channels, not
only prevented the channel from collapse, but
also ensured diffusion of nutrients from the
culture medium. Cells were thereafter monitored

while migrating into the channel. This type of
microfluidic device aims at mimicking a 3D
micro environment, where the incubation channel
is 120 pm in height and 1300 um in width,
and completely filled with ECM (Fig. 6.4a).
Similarly, although with a slightly different
design, microfluidics channels also promote
invadopodia formation in lung cancer cells, A549
cells (Wang et al. 2013). In this case, the middle
microchannel served as cell culture chamber
for cancer cells-BME mixture, and connected
to the two lateral channels for drug application
or medium addition. These microfluidic devices
could actually mimic the 3D microenvironment
while reagent can still be applied in a tunable
fashion (Fig. 6.4b). Thanks to this design, parallel
tests of invadosomes formation in EGF and
GM6001 (MMP inhibitor)/EGF cells, against
a control group of cells, could be carried out
synchronously. The EGF groups exhibited the
highest percentage of cells forming invadosomes.
Moreover, it was shown that the morphology of

Multiple experimental sets

Medium inlet

Medium outlet

Single experimental set

@ Cell culture chamber (3D)
@ Side channel
Single microfluidic cell incubation unit

Cell
«—=— PDMS slab

Channel height 1~7 um

Fig. 6.4 Microfluidic devices for the study of the in-
vadosomes dynamics. (a) Microfluidic design for the
device used in ref. (Li et al. 2017) to investigate cancer
cells invasion in 3D matrix and simultaneous invadosome
formation. The middle cell incubation chamber serves like
3D environment for the cells. Side channels can provide

the nutrition, reagents, or drugs for the middle incubation
chamber. This simple design allows multiple experimental
tests. (b) Simple microfluidic design for the experiment in
(Spuul et al. 2016a). Invadosomes formation and dynam-
ics was observed in restricted environment characterized
by a channel height smaller than the nucleus size
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A549 cells is drastically affected by the confining
environment. Indeed cells cultured on 2D culture
dishes, were compared to cells grown within the
3D ECM matrix inside the middle channel. The
A549 cells in 3D matrix were round in shape,
while those grown in 2D environments attained a
more elongated conformation.

In the process of metastasis, tumor cell
migration through confined spaces is facilitated
by MT1-MMP-mediated proteolysis of confining
fibrils (Castro-Castro et al. 2016). Dissolution of
the matrix is required for nuclear translocation
as nuclear stiffness has been shown to be the
limiting factor during confined migration (Wolf
et al. 2013). Using the model of MDA-MB-
231, human breast cancer cell line, Infante and
colleagues showed that, upon intact nucleo-
cortex linkage, confined migration triggered the
polarization of MTI-MMP rich endosomes in
front of the nucleus (centered by centrosome)
(Infante et al. 2018). Here MTI-MMP rich
invadopodia assembled and mediated the
degradation of the surrounding collagen fibrils.
The authors called this response as “digest on
demand” as the degradative invadopodia were
assembled upon demand (mechanical signal)
and used to digest the matrix. This pericellular
collagenolytic activity promoted the nuclear
movement in confined microenvironment and
supported tumor cell migration. To create a
3D confining environment, tumor cells were
embedded in a fibrillar collagen-I network
with varying pore sizes. The authors proposed
the “digest on demand” response through the
assembly of MTI1-MMP-rich invadopodia as
a novel mechanism for tumor cells to migrate
through constricted 3D microenvironments
(Infante et al. 2018).

EC migration is particularly important in the
angiogenesis process, where the formation of
new blood vessels from an existing vasculature
occurs. In this context, the nucleus deforma-
bility is an important factor because cells are
penetrating gaps much smaller than the whole
cell size. The nucleus of a cell is known to be
stiffer than the cytoplasm and, therefore, it is of
fundamental importance to understand how cells
react to confinement smaller than the nucleus
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size. This question was addressed for the first
time in (Spuul et al. 2016a), where it was also
shown that the use of microfluidic devices could
offer the practical advantage of studying system-
atically and concomitantly EC migration and the
rearrangement of their actin cytoskeleton induced
by confinement, combined with the contribution
of different ECM proteins (Spuul et al. 2016a).

Aortic ECs do not assemble podosomes spon-
taneously; however stimulation with TGFf in-
duces the formation of podosome superstruc-
tures called rosettes (Varon et al. 2006). Un-
stimulated bovine aortic ECs (BAECs) were sub-
jected to varying degree of confinement in a mi-
crofluidic device. The PDMS-based chip used in
the study contained parallel transversal channels
(slits) ranging from 1.38 pm to 7.3 wm in height,
50 pwm in width and 250 pm in length. Two open-
top incubation chambers at each ends of the de-
vice, allowing cell seeding and reagent exchange,
were connected with the channels through an
intermediate channel (Spuul et al. 2016a). Sur-
prisingly, BAE cells, although unstimulated, ac-
quired the ability to form podosomes in the
confining channels, a process that was shown to
be stimulated by the fibronectin (FN) coating the
device. FN indeed, enhanced the cell migration
in confined conditions on the one hand, and guar-
anteed the cell viability on the other hand. Im-
portantly, the podosomes assembled under con-
finement did not form rosettes but appeared in-
stead in clusters or as individual dots, forming
mostly on the cell forefront at the matrix con-
tacting cell side. This suggests that confinement-
induced podosomes might be used as devices
to degrade the confining matrix to make room
for the migrating cell. At the same time, it was
observed that the percentage of BAECs form-
ing invadosomes increased as the channel height
decreased.

An intriguing dependence on the substrate
stiffness was also detected: invadosomes formed
more abundantly on the PDSM soft side
(E = 580 kPa), than on the stiffer glass side
(E = 7.29 x 10E7 kPa), when BAECs were
migrating in shallower channel (1.28 um height).
This is in contrast with the previous finding
that invadosomes formation traces the durotactic
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migration tendency of the cells (Collin et
al. 2006). This issue, however, needs further
investigation since a straightforward comparison
between the experiments reported in (Collin et
al. 2006) and in (Spuul et al. 2016a) might be
misleading, considering the differences in cell
types, coating proteins and stiffness range.

In 2D environments, human microvascular
ECs (HMVECs) derived from capillaries
assemble podosome rosettes spontaneously in
a small fraction of the cells (<6%). Moreover,
after VEGF-A stimulation, an increase of both
the matrix degrading potential of the assembled
podosomes, and the number of cells forming
podosomes (up to 15%) was observed. HMVECs
in 3D confined conditions, and in the absence
of VEGF-A, migrated into FN coated channels
(1.38 wm-7.3 pm in height), they formed a
pseudo-endothelium and assembled podosomes
that were found scattered but interconnected by
actin cables. Podosomes appeared at the plasma
membrane-matrix contact sites and contained
MTI1-MMP, suggestive of a proteolytic activity
(Spuul et al. 2016b). Interconnected podosomes
detected in the microfluidic device resembled
strongly the ones seen during in vivo vascular
remodeling of large angiogenic vessels (Spuul
et al. 2016b). These findings highlight the
importance of microfluidic devices offering a
possibility to study many microenvironmental
cues in controlled environment, that reproduce
mechanical and biochemical aspects of in vivo
angiogenesis.

Cell migration in confinement has been
studied also in human mesenchymal stem cells
(hMSCs) (Doolin and Stroka 2018). Doolin and
Stroka have shown that the cellular cytoskeleton
(actin and microtubules) reorganizes its structure
when cells are moving in microenvironments.
To account for this finding, the authors have
proposed a differential role for the cytoskeletal
and contractile machinery in cell migration,
while migrating in confined vs unconfined
environments. Migration of hMSCs was studied
in Collagen-I-coated microchannels with varying
width (3—50 pwm). In this case it was shown that
the number of mature focal adhesions decreases
by increasing the confinement.

Migration in confinement induces the assem-
bly of mechanosensory invadosomes that trans-
duce the mechanical stress applied to the cells
into biochemical response. All together, these
studies have established the fundamental role
played by the confinement and ECM microen-
vironment in regulating the assembly of invado-
somes, their architecture and spatial arrangement,
and their capability of mediating matrix degrada-
tion, thus impacting cell migration and invasion.
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Abstract

Collective cell migration is a key process in
developmental biology, facilitating the bulk
movement of cells in the morphogenesis of
animal tissues. Predictive understanding in
this field remains challenging due to the
complexity of many interacting cells, their
signalling, and microenvironmental factors —
all of which can give rise to non-intuitive
emergent behaviours. In this chapter we
discuss Dbiological examples of collective
cell migration from a range of model
systems, developmental stages, and spatial
scales: border cell migration and haemocyte
dispersal in Drosophila, gastrulation, neural
crest migration, lateral line formation in
zebrafish, and branching morphogenesis; as
well as examples of developmental defects
and similarities to metastatic invasion in
cancer. These examples will be used to
illustrate principles that we propose to
be important: heterogeneity of cell states,
substrate-free migration, contact-inhibition of
locomotion, confinement and repulsive cues,
cell-induced (or self-generated) gradients,
stochastic group decisions, tissue mechanics,
and reprogramming of cell behaviours.
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Understanding how such principles play a
common, overarching role across multiple
biological systems may lead towards a
more integrative understanding of the causes
and function of collective cell migration
in developmental biology, and to potential
strategies for the repair of developmental
defects, the prevention and control of cancer,
and advances in tissue engineering.

Keywords

Cell migration - Developmental biology -
Collective behaviour - Morphogenesis - Cell
interactions

7.1 Introduction

In this chapter, we will introduce the reader
to selected model systems for collective cell
migration. We deliberately choose examples at
various stages of animal development, in a range
of organisms, spanning multiple time-scales and
cell population sizes. In each case, we will mo-
tivate the use of the model system, and describe
what is known about the mechanism of collec-
tive migration in that system. To conclude each
section, we single out a principle of collective
cell migration that a particular system provides
insight to or is promising to do so. In many cases,
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a particular biological example could illustrate
multiple principles, and our choice is not unique.
Heterogeneity of cell states could be exemplified
by neural crest as well as border cell migration,
and contact-inhibition of locomotion by Xenopus
neural crest as well as Drosophila haemocyte
dispersal, to give just two examples. Our choice
of model systems is by no means exhaustive.
We have mainly focused on in vivo examples.
In vitro systems have undoubtedly contributed to
our understanding of the mechanisms of collec-
tive cell migration under controlled experimental
conditions, and reviews can be found elsewhere
(Ladoux and Mege 2017; Trepat and Sahai 2018).
Here we hope to provide vignettes that together
form more than the sum of parts and provide the
reader with an emergent appreciation of collec-
tive cell migration in development.

7.2  Border Cell Migration
Drosophila border cell migration (Inaki et al.
2012) could be described as the hydrogen atom
of collective cell migration. Consisting of a hand-
ful of cells, it serves as a minimal example in
which the migration of the group differs from
that of the individual, i.e., a “collection of cells
moving together and affecting one another while
doing so” (Rgrth 2012, which forms our working
definition of collective cell migration). And just
as the study of the hydrogen atom, the simplest
atom, has advanced theoretical understanding in
atomic physics, we stand to learn from focussing
on minimal systems of collective cell migration.
In the formation of the Drosophila egg, a clus-
ter of about eight border cells migrates across the
nurse cells from the anterior of the egg chamber
to the oocyte on the posterior. This journey covers
a distance of about 200 pwm (Prasad et al. 2011),
at about 0.5 pm/min (Montell et al. 2012). The
cluster of cells goes on to form an egg shell
structure that enables sperm entry, so their posi-
tioning at the oocyte is important for egg fertil-
ization (Montell et al. 2012). The group consists
of migrating border cells and non-migrating polar
cells, and exhibits both leading/trailing polarity,
meaning that the cells at the front and back of
the group look and act differently, as well as
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inner/outer polarity, meaning that the polar and
border cells are different (Montell et al. 2012).
During migration, frequent reorientations of the
cluster occur, changing which cell is in the lead-
ing position (Prasad and Montell 2007).

Border cell migration follows guidance sig-
nals present in their microenvironment, like many
of the examples of collective cell migration that
we will encounter in this chapter. These signals
include the attractant Pvfl, which is read via the
receptor tyrosine kinase PDGF/VEGF receptor.
Leading and trailing cells show differences in the
activity of this receptor (Janssens et al. 2010).
This heterogeneity between cells in responding
to guidance cues thus imparts directionality at the
group level (Inaki et al. 2012), with the group
being led by the cell with high activity of the
receptor for the guidance cue. This shows that
the cells are indeed acting as a collective, moving
differently than each cell undergoing its own
guided migration.

7.2.1 Heterogeneity of Cell States
Differences in cells’ states, and thus their migra-
tory behaviour, are an important aspect of cell
populations that can affect their collective migra-
tion. Drosophila border cells provide a clear ex-
ample of leader-follower heterogeneity between
cells in a migrating group, a form of heterogene-
ity frequently studied in collective cell migration.
The dynamic nature of the leader cell states with
frequent changeover between cells highlights that
this heterogeneity can emerge from interaction
between cells and the environment, and need not
be pre-specified. And even though the different
cell states are not fixed, and may in some cases
lie on a continuum (Schumacher 2019), they have
turned out to be crucial to understanding the
mechanism of group migration in this system.
This is often misunderstood in debates about
whether leader and follower cells exist — that
is beside the point, the question is whether the
concept provides a useful description. This is
nicely summarised in a quote that bears repeat-
ing: “leader and follower cells should be consid-
ered as different cell states and not different cell
types” (Rgrth 2012).
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7.3  Gastrulation

Gastrulation is the earliest and one of the most
important examples of collective cell movement
in the development of an animal embryo. In terms
of relative cell numbers, it is also the largest
remodelling of tissue structure — involving most
cells at this stage of development to some degree.
From an initially homogenous seeming mass of
cells in the early embryo, an extensive rearrange-
ment of cells establishes the three tissue layers
ectoderm (giving rise to epidermis and nerves),
mesoderm (turning into connective tissue, mus-
cle, skeleton, etc.), and endoderm (giving rise
to epithelial linings), broadly speaking the outer,
middle, and inner tissue types. Gastrulation has
thus been termed, and often quoted, as the “most
important time in your life” (Wolpert 2008).

The details of the choreography of cell move-
ments during gastrulation differ in their details
in different species. The intricacies of these dif-
ferences have been thoroughly documented else-
where (see for example (Stern), or Keller (2005),
and for a physics perspective, Forgacs and New-
man 2005). Here we are restricting ourselves to
avian and mouse gastrulation, and wish to only
convey a general sense of the course of events:
Mesoderm and endoderm precursors migrate in-
wards into the embryo, establishing the three
tissue layers together with the ectoderm (Gilbert).
The types of movement that cells undergo during
gastrulation, and which global tissue deforma-
tions these produce, differ in different organisms.
What they have in common is that the process
of gastrulation turns an embryo from a relatively
unstructured clump of cells into a layered tissue,
with a head-to-tail body axis, and a distinct “out-
side” and “inside” that will go on to form the gut
and respiratory system.

7.3.1 Collective Cell Migration

Without a Substrate?

During gastrulation the different tissue layer pre-
cursors move with respect to each other, but
in the absence of a substrate to move on or
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through. In other words, there does not seem to
be an absolute coordinate system, unlike cases
of cell migration usually considered. This is a
vivid demonstration that collective cell migration
can occur without an external substrate, but, in
a sense, with other cells acting as the substrate.
One could argue that this situation is not so
different in cell migration within a tissue, but
here the distinction between moving cells and
resident tissue is usually clearer. This is rein-
forced through the presence of extracellular ma-
trix (ECM), which provides a passive medium for
cells to move through and interact with (though
ECM may also play a role during early gastru-
lation, see Latimer and Jessen 2010). In gastru-
lation, one could distinguish between cells that
are actively migrating or changing their shape,
and those undergoing passive rearrangement in
response to intercellular forces. Methods to quan-
tify the contributions of cell shape changes and
rearrangements are an active field of current
research (Blanchard 2017; Dicko et al. 2017,
Firmino et al. 2016; Lye et al. 2015; Rozbicki
et al. 2015).

7.4 Haemocyte Dispersal

Haemocyte dispersal provides an example of
multicellular migration that is not densely
packed, but in which the migration is nonetheless
influenced by the interactions of cells between
each other. It thus provides an important
sample on the spectrum of collective cell
migration (Schumacher et al. 2016). Drosophila
haemocytes spread out in the embryo during de-
velopment, originating from the head mesoderm
(Tepass et al. 1994). They are required for a
functioning immune response and thus broadly
similar to macrophages. Drosophila haemocytes
migrate as single cells, but collectively need to
arrange in an evenly spread, lattice-like pattern
(Davis et al. 2012).

In vivo tracking of haemocyte movement
(Davis et al. 2012) revealed that cells accelerate
away from each other after encounters. These
“collisions” take on the order of a few minutes,
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during which the cells were observed to extend
microtubule-driven protrusions towards each
other, make contact, and then retract. This
movement could be described by a persistent
random walk, with an additional “contact-
inhibition of locomotion” interaction that
induces displacements away from nearby cells.
By varying the strength of this interaction,
Davis et al. (2012) could simulate the effect
of haemocyte dispersal with and without
repulsive collisions. Simulated dispersal without
repulsive collisions, or with only a volume
exclusion interaction, failed to produce the
regular patterning of cell positions observed
in the embryo. Further experiments with
diaphanous mutants, showing uncoordinated
cell-cell repulsion, confirmed that this led to
break-down of ordered pattern formation in vivo
(Davis et al. 2015).

Contact-Inhibition of
Locomotion

7.4.1

Contact-inhibition of locomotion had, for a
long time, been primarily observed in vitro
(Abercrombie and Heaysman 1953, 1954;
Loeb 1921). In recent years several studies
have argued for its relevance for pattern
formation in embryonal development. In the
case of Drosophila haemocyte dispersal, this
has been demonstrated through detailed in vivo
imaging, genetic perturbation, and computational
simulations. In Xenopus cephalic neural crest, in
vivo studies (Carmona-Fontaine et al. 2008),
aided by in vitro experiments and again by
computational modeling, have also pointed to
a role for contact-inhibition of locomotion,
coupled with co-attraction, as a mechanism
to promote collective cell migration. The
importance of contact-inhibition of locomotion
has been called into doubt in chick cranial
neural crest (Genuth et al. 2018), so it remains
unclear how relevant this mechanism is in the
neural crest generally. One possibility is that
interactions between cells lie on a continuum
ranging from contact guidance and volume
exclusion to the repulsive contact-inhibition of
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locomotion described above (Schumacher et al.
2016). Formulating integrative models that offer
such unifying descriptions of the mechanisms
of collective cell migration is a subject of future
work (see also Sect. 7.5).

7.5 Neural Crest

The migration of the neural crest is one of the
most striking and versatile examples of collective
cell migration in developmental biology. Neural
crest cells are a migratory cell population found
in the vertebrate embryo that develops into a
range of tissues throughout the body, such as
peripheral nerves and smooth muscle, as well
as contributing to many others, such as heart
and bone (Kulesa et al. 2010; Le Douarin 2004).
They originate from the dorsal neural tube, which
develops into the brain and spinal cord, undergo
EMT and migrate over distances of up to 1 mm
through the mesoderm of the growing embryo,
first lateral and then ventral. Neural crest in dif-
ferent organisms and different body parts exhibit
arange of migration morphologies, and therefore
offer a system to investigate how the common
mechanisms may play a role in diverse biological
settings. As such, they have become a popu-
lar model organism for long-range mesenchymal
collective cell migration.

Developmental defects associated with failed
or incomplete migration are known as neuro-
cristopathies (Benish 1975) and include pigmen-
tation defects, cleft lip, cleft palate, and incom-
plete innervation of the gut (Hirschsprung’s dis-
ease) (Lake and Heuckeroth 2013). The invasive
nature of their migration, and the fact that some
cancers, such as neuroblastoma and melanoma,
derive from the neural crest, have attracted at-
tention to this system for the study of metastatic
invasion. We will discuss these aspects further in
Sects. 7.8 and 7.9.

Mechanisms of neural crest migration appear
as diverse as the vertebrate organisms they have
been studied in. The migrating neural crest forms
discrete streams along the head-tail axis of the
body (Kulesa and Gammill 2010). These streams
are sculpted by a combination of inhibitory and
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repulsive factors, as well as other tissue struc-
tures serving as barriers (e.g. the otic vesicle,
which forms the inner ear). Common features
exist across the different model systems (Cebra-
Thomas et al. 2013; Krotoski et al. 1988; Lofberg
et al. 1980; Nikitina et al. 2009; Reyes et al. 2010;
Schilling and Kimmel 1994; Serbedzija et al.
1989, 1992), but with important differences be-
tween organisms as well as between different po-
sitions along the head-tail axis. Cells often follow
guidance factors, such as VEGF in chick cranial
migration (McLennan et al. 2010, 2015b) and
SDFI in Xenopus cephalic migration (Theveneau
et al. 2010). Neural crest cells migrate towards
target zones, such as the branchial arches, where
they proliferate and differentiate (Ridenour et al.
2014), but also need to be distributed along the
migratory route and can undergo secondary mi-
gration at later times, such as in the formation of
vertebral sympathetic ganglia from trunk neural
crest (Kasemeier-Kulesa et al. 2015). Interactions
between cells are important for proper group
migration (McKinney et al. 2011; Teddy and
Kulesa 2004), including follow-the-leader migra-
tion in chick (McLennan et al. 2012, 2015a)
and cell-cell attraction (Carmona-Fontaine et al.
2011) with contact-inhibition-of-locomotion in
Xenopus (Carmona-Fontaine et al. 2008) (but not
in chick, see Genuth et al. 2018). It remains
unresolved whether the diversity of behaviours
displayed by the large number of neural crest
systems can be reconciled by a universal set of
mechanisms.

7.5.1 Confinement and Repulsive

Cues

Since the neural crest is such a diverse and
popular model system for collective cell migra-
tion in development, it would be short-sighted to
highlight just one principle as important. Nev-
ertheless, in balance with the other sections of
this chapter, let us highlight the remarkable or-
ganisation of neural crest cells migration in long
streams (on the order of 1 mm). What generates
the required cohesion and persistence is incom-
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pletely understood, but a few pieces of the puz-
zle have been uncovered. We already mentioned
the role of inhibitory/repulsive cues (ephrins,
semaphorins) to shape the cells delaminating
from the neural tube into discrete streams (Kulesa
and Gammill 2010). Recent studies have further
suggested new mechanisms for confining cells
through versican (in Xenopus, Szabé et al. 2016)
and restricting their invasion through DAN (in
chick, McLennan et al. 2017). In Xenopus cranial
neural crest, recent work calls into question the
importance of guidance cues in early stream
formation, and instead proposes that these neural
crest streams initially emerge from “on short-
range repulsion and asymmetric attraction be-
tween neighboring tissues” (Szabé et al. 2019). In
avian neural crest, and in collective cell migration
more generally, repulsive cues likely remain an
important tool for tissues to control and confine
collective cell migration, and can be found in
other systems, such as the zebrafish germline
(Paksa et al. 2016).

7.6 Lateral Line Formation

The lateral line is a system of mechanosensory
organs in aquatic vertebrates, and its develop-
ment is commonly studied in zebrafish (Haas and
Gilmour 2006). Its formation is an example of
epithelial collective cell migration, in which a
cohesive group of cells, about 100 wm in length,
migrates over millimeters in the growing ze-
brafish embryo. Unlike most examples discussed
in this chapter, the migration is effectively one-
dimensional, offering a simplified perspective on
directional symmetry breaking in a system of
interacting cells.

The lateral line primordium (LLP) is a cohe-
sive group of on the order of 100 cells that mi-
grate collectively along the side of the zebrafish
embryo and form multicellular structures in their
wake that later make up the lateral line (Haas
and Gilmour 2006). They migrate along a strip
of chemoattractant Cxcl12/Sdf1. This ligand is
not expressed in a gradient, however, it is only
in interaction with the migrating group of cells
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that directionality is established (Streichan et al.
2011). Leading cells at the front of the LLP read
out the chemoattractant via the receptor Cxcr4,
while trailing cells sequester the ligand via Cxcr7
to create a local gradient, and both are required
for successful migration (Dona et al. 2013). As
the LLP migrates, subgroups of cells organise
into rosette-like structures via adherens junctions
(Revenu et al. 2014). These multicellular struc-
tures have a luminal space at their core, which
is thought to enable coordination of cells in the
group via local signalling (Durdu et al. 2014).
The rosettes split from the migrating group and
stay behind to form the aforementioned sensory
organs.

7.6.1 Cell-Induced or

Self-Generated Gradients

An alternative to the migration along pre-
established gradients of morphogens or
chemoattractants is the dynamic creation and
interpretation of local signalling gradients.
In an otherwise uniform concentration of
chemoattractant, groups of cells can locally
create gradients by internalising or breaking
down the signal in their vicinity. These self-
generated or cell-induced gradients have been
investigated in a number of systems, such as the
neural crest (Kulesa et al. 2010; McLennan et al.
2012; Schumacher 2019) Dictyostelium (Tweedy
et al. 2016), and melanoma cells (Muinonen-
Martin et al. 2014), but in the context of
development they are probably best understood
in lateral line migration (Dona et al. 2013;
Streichan et al. 2011). Collective migration in
self-generated gradients is conceptually similar
to aggregation with self-secreted attractive
signals, which have been studied mathematically
in some of the earliest models of chemotaxis
(Keller and Segel 1970a,b). Cell-induced
gradients may be an environment where leader-
follower heterogeneity (see Sec. 7.2.1) is
advantageous, depending on the kinetics of
gradient formation, as been explored in recent
theoretical studies (Hopkins and Camley 2019;
Schumacher 2019).
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7.7  Branching Morphogenesis

The tree-like structures produced by branching
morphogenesis appear both beautifully complex,
and also self-similar at multiple scales, or
fractal-like (Iber and Menshykau 2013). This
makes them potentially amenable to production
through simple developmental programs, and
thus branching morphogenesis has been of long-
standing interest to developmental biologists and
mathematical biologists (Iber and Menshykau
2013; Murray et al. 1983). Examples include
lung (and trachea in insects), kidney, pancreas,
blood vessels, prostate, salivary and mammary
glands. It encompasses the growth of tree-like
ductal networks, thus achieving a high surface
area to exchange molecules, such as oxygen,
or metabolic products, with the environment
or other tissues. While much of the biological
research in the past decades has focussed on
the molecular (and also mechanical) control of
branching and elongation, we want to consider
it here as an example of collective cell behavior
with an emergent, large-scale structure.

Branching and annihilating random walks
(BARWSs) have recently been put forward as
a promising candidate for a unified theory of
branching morphogenesis (Hannezo et al. 2017),
explaining statistical patterns of the network
structures in mouse mammary gland, kidney, and
humane prostate. In branching random walks,
ducts elongate and branch stochastically, while in
this particular variant growth of tips is terminated
when they contact existing ducts (in addition to
branching there can also be budding from the
side of existing ducts, which plays a role for
example in early lung formation, see Iber and
Menshykau 2013). A minimal BARW model
was able to reproduce statistics such as the
distribution of subtree sizes in several organs,
with only experimentally determined parameters
(Hannezo et al. 2017).

Within this general framework, the molecular
control of branching and annihilation events may
be tissue-specific: In mouse mammary gland,
the tip termination can be induced by implanted
sources of TGF-B1 (Hannezo et al. 2017), and
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branching is promoted by FGF10 (Hannezo et al.
2017). In mouse kidney, the TGF-gB-related
BMP7 has been implicated in tip termination
(Davies et al. 2014), while proliferation is driven
by GDNF (Lambert et al. 2017).

While the BARW model is remarkably suc-
cessful at reproducing global statistical features
of the tree structures, small modifications have
been necessary to match the detailed features
of some particular tissues. For example, the rel-
atively ordered three dimensional structure of
kidney ducts was more faithfully reproduced by a
BARW with additional self-repulsive interactions
of the growing tips. Then again, a more complex
model can always better describe existing data
than a simpler one. The minimal BARW model
is an attractive paradigm for branching morpho-
genesis precisely due to its simplicity.

7.7.1 Stochastic Group Decisions

The use of BARW models for branching morpho-
genesis nicely illustrates how seemingly com-
plex and (statistically) stereotypic structures can
form through stochastic “decisions”. This occurs
at two levels: the overall organ structure arises
from the interplay of many stochastic branch-
ing events, and the individual branching event
is itself a stochastic event in which many cells
have to coordinate. The means by which a group
of cells in an individual tip conduct a poll or
otherwise decide whether to elongate, branch, or
terminate, and do so in a seemingly stochastic
manner, remain hitherto unresolved. This ex-
emplifies a common challenge in the pursuit
of quantitative understanding of collective cell
movements, namely phenomena that occur at
the mesoscale between the cell- and tissue-levels
(Blanchard et al. 2018).

7.8 Developmental Defects

Developmental defects arise when developmen-
tal processes go awry. In the context of collective
cell migration, this can occur when the migra-
tion is mistargeted, mistimed, or miscoordinated.
Each of the sections in this chapter would deserve
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its own discussion of associated developmental
defects, but here we will once more focus on
the neural crest and the aforementioned neuro-
cristopathies (Benish 1975) (developmental de-
fects that are related to failures in neural crest cell
migration). From the many neurocristopathies we
pick an illustrative example from enteric neural
crest migration.

In healthy embryonic development, enteric
neural crest cells colonise the growing gut
through migration and proliferation, and this
is important for innervation of the gut, i.e.,
the development of the enteric nervous system.
The neurocristopathy known as Hirschsprung’s
disease affects about 1 in 5000 live births (Lake
and Heuckeroth 2013). It can have multiple
causes, and one of its symptoms is failed
innervation of parts of the gut, which can lead to
life-threatening obstruction of the bowels (Lake
and Heuckeroth 2013). Understanding the causes
of failed enteric nervous system development in
Hirschprung’s disease could lead to therapeutic
strategies to prevent or repair this developmental
defect.

In experiments with chick enteric neural crest,
it was found that stiffening of the gut mes-
enchyme through externally applied stretch pre-
vents normal colonisation of the gut (Cheva-
lier et al. 2016). This was further supported by
experiments in which enteric neural crest were
embedded in 3D gels, and found to invade less
far into stiffer 3D gels than they migrated in more
compliant ones (Chevalier et al. 2016). Stiffening
of the tissue is part of the normal developmen-
tal process, but, as the described work shows,
mistiming of this process, e.g. if the migration
of neural crest cells is delayed, can lead to failed
innervation. This suggests a possible cause for
the symptoms of Hirschsprung’s disease. Fur-
thermore, it further highlights (one of several)
challenges faced by potential treatments of failed
gut colonisation: If migratory neural crest cells
are transplanted later in development, they may
not be able to migrate and colonise effectively
in the developed, stiffened gut. On the other
hand, it may point the way for future research
how to modify the transplanted cells and/or the
tissue microenvironment to enable repair of the
developmental defect.
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7.8.1 Cell Migration and Substrate
Mechanics...It's Complicated

Changes in the mechanical properties of the ECM
and surrounding tissues can affect the migration
of cells in different ways. In the example above
we have seen an inhibition of invasive migration
through stiffening of the substrate tissue. In con-
trast to this, in Xenopus cephalic neural crest,
stiffening of the mesoderm tissue in contact with
the neural crest cells (Barriga et al. 2018) triggers
the start of their migration.

The different effects of tissue stiffening in
chick enteric and Xenopus cephalic neural crest
could have a number of reasons. One difference
is the magnitude of the elastic modulus of the
tissue in question, which is an order of magnitude
higher in the chick gut (Chevalier et al. 2016)
than in the Xenopus head (Barriga et al. 2018).
It is reasonable to consider that the relationship
between cell migration and substrate stiffness is
non-monotonic, so that some stiffness is needed
for migration, but too stiff a substrate hinders in-
vasion. There is another difference between these
two experimental systems: the dimensionality of
the problem is different. Enteric neural crest cells
have to migrate through the tissue that is stiff-
ening (a 3D substrate), whereas in the cephalic
neural crest it is the adjacent mesenchyme that
stiffens, which forms a 2D contact with the group
of cells. Further research will be needed to disen-
tangle the different effects of substrate mechanics
on collective cell migration in two- and three-
dimensional environments. To summarise, how
changes in mechanics of a substrate tissue affect
migration of a cell collective can depend on a
number of factors, including timing, magnitude,
and dimensionality.

7.9  Metastatic Invasion

Many aspects of collective cell migration in de-
velopment are also found in metastatic invasion
of cancer cells (Maguire et al. 2015). Metastases
are the prime reason why cancers are lethal.
As cancerous cells spread and nest secondary
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tumours throughout the body, our ability to sur-
gically remove or target them with radiotherapy
diminishes. Understanding what makes cancer
cells migrate, and what enables them to invade
healthy tissues, offers the prospect of controlling
these misregulated collective cell behaviours. An
introduction into mechanical factors of collective
cancer cell migration and metastasis can be found
in La Porta and Zapperi (2017, Chapter 7).

Cancer may, in part, be a reversion to em-
bryonic development programs that suddenly be-
come harmful when played out in the wrong
time and place. The ability of embryonic cells to
migrate and proliferate then becomes “a liability
by contributing to tumorigenesis and metastasis”
(Maguire et al. 2015). One example is, again,
the neural crest, which as a lineage is the origin
of melanoma, neuroblastoma and others cancers
(Maguire et al. 2015), and whose invasive mi-
gration in embryonic development bears charac-
teristics of metastatic cancer invasion. Coupled
with the relative ease of transplantation in the
chick embryo system, the neural crest and its
embryonic microenvironment are a useful model
system to study cancer metastasis in vivo (Bailey
et al. 2012).

7.9.1 Reprogramming

When metastatic melanoma cells are transplanted
into neural crest microenvironment, they migrate
along normal neural crest migratory paths to
target tissues without forming tumors (Hendrix
et al. 2007; Kulesa et al. 2006). These results pro-
vide a tantalising possibility for anti-metastatic
therapy: the embryonic microenvironmental sig-
nals could be exploited to reprogram cancer cells
into a less harmful state (Kasemeier-Kulesa et al.
2018), and to directly constrain their invasive
migration (McLennan et al. 2017). In addition
to embryonic signals controlling collective cell
migration providing preliminary candidates for
cancer drugs, systems like the melanoma-chick
transplant model also offer a cheap way to ini-
tially screen drugs for their anti-metastatic effi-
cacy in vivo (Maguire et al. 2015).
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7.10 Conclusion

In this chapter we have provided a brief overview
of several examples of collective cell migration
in development. The intent was to give the reader
a broad selection of different biological systems,
each with their own merits and fascinating prob-
lems to study. The selection has been necessarily
biased towards the author’s interest, and other
reviews on the topic will provide different per-
spectives (Scarpa and Mayor 2016; Weijer 2009).
An emerging trend that can be gleamed from the
research discussed here, and hopefully through-
out this book, is the integration of mathematical
and computational models alongside experiments
to interrogate the causes and function of cell mi-
gration with multidisciplinary approaches (Blan-
chard et al. 2018; Schumacher et al. 2016).

We have deliberately held back on quoting
reams of results on molecular mechanisms,
which can be found within the references cited
in this chapter. Instead, we have opted to propose
“principles”, or, to phrase it more modestly,
“themes for discussion” that link particular
biological examples with concepts that may (or
may not) help to move towards an overarching
understanding of collective cell migration in
developmental biology, and beyond. We hope
that the reader will disagree with at least some
of these, and that this disagreement may spark
insightful discussion and further research.
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Abstract

As a cancer cell invades adjacent tissue,
penetrates a basement membrane barrier,
or squeezes into a blood -capillary, its
nucleus can be greatly constricted. Here,
we examine: (1) the passive and active
deformation of the nucleus during 3D
migration; (2) the nuclear structures—
namely, the lamina and chromatin—that
govern nuclear deformability; (3) the effect
of large nuclear deformation on DNA and
nuclear factors; and (4) the downstream
consequences of mechanically stressing the
nucleus. We focus especially on recent studies
showing that constricted migration causes
nuclear envelope rupture and excess DNA
damage, leading to cell cycle suppression,
possibly cell death, and ultimately it seems
to heritable genomic variation. We first
review the latest understanding of nuclear
dynamics during cell migration, and then
explore the functional effects of nuclear
deformation, especially in relation to
genome integrity and potentially cancerous
mutations.
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8.1 Introduction

Multiple processes in vivo require cells to move
through three-dimensional (3D) tissue. Cancer
cells migrate into wounds during healing (Clark
et al. 1982) and into vessel-adjacent matrix dur-
ing angiogenesis (Lamalice et al. 2007). Leuko-
cytes squeeze through capillaries as small as 2—
3 wm in diameter and extravasate into sites of
tissue damage or infection as part of the innate
immune response (Luster et al. 2005). Embryo-
genesis involves progenitor and committed cells
moving and positioning themselves in developing
organs (Kurosaka and Kashina 2008). Cancer
cells invade healthy tissue, penetrate basement
membrane barriers, and enter distant capillary
beds during tumor metastasis (Liotta et al. 1991).
As the largest and stiffest organelle (Dahl et al.
2008), the nucleus has long been speculated to
sterically limit a cell’s ability to migrate through
small, stiff pores including basement membranes
that separate tissues (Lichtman 1970). In migra-
tion through constricting 3D fibrous matrix, the
nucleus has been described as a “piston” that is
pulled forward to establish a hydrostatic pressure
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gradient between the tight-fitting nucleus and the
cell’s leading edge (Petrie et al. 2014). Moreover,
softening the nucleus by knockdown of key nu-
clear structure components can enhance the rate
of migration through small constrictions (Shin et
al. 2013; Harada et al. 2014), consistent with the
idea of the nucleus as a physical impediment to
migration.

While the nucleus affects migration by pre-
senting a challenge to the moving cell, migration
also affects the nucleus. Constriction-induced
deformation causes chromatin reorganization
and even nuclear envelope rupture (Denais et
al. 2016; Raab et al. 2016; Irianto et al. 2016a,
2017), among other effects, with implications for
important biological processes like DNA damage
and repair. For an overall understanding of cell
migration, it is therefore necessary to consider
the role of the nucleus.

The chapter will examine: (1) the forces ex-
erted on the nucleus during 3D migration; (2)
the regulators of nuclear deformability that influ-
ence transit through small pores; (3) the impact
of large nuclear deformation on chromatin and
nuclear factors; and (4) the downstream con-
sequences of physically perturbing the nuclear
content, including effects on genome integrity
and cell cycle progression. A main goal of the
chapter is to introduce some of the biophysical
processes relevant to nuclear dynamics during
cell migration, while also highlighting the func-
tional effects of nuclear deformation on the biol-
ogy of the cell.

8.2  Structure of the Nucleus

Although nuclear sizes vary among and even
within cell types, the nucleus is typically the
largest cellular organelle, with a diameter of ~5—
20 wm (Dahl et al. 2008). In cells imaged in situ
or grown in 3D scaffolds, the nucleus tends to
be round or ovoid, whereas 2D culture drives
cell spreading and nuclear flattening (Khatau
et al. 2009). The nucleus—along with other,
smaller organelles (<1-2 pm) and cytoskele-
tal filaments—is embedded in the cell’s gel-
like cytoplasm. The cytoplasm, cytoskeleton, and
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plasma membrane are easily deformed and rear-
ranged during constricted migration such that cy-
toplasmic protrusions can squeeze into channels
of even submicron diameter (Wolf et al. 2013).
By contrast, the nucleus is 2-10 times stiffer
than the surrounding cell body (Guilak et al.
2000; Caille et al. 2002), making its constriction
a more torturous—and rate-limiting (Davidson et
al. 2015)—step in the process of 3D migration.

The nuclear envelope, which defines the
boundary of the nucleus, consists of two
closely apposed lipid bilayers: the inner
nuclear membrane (INM) and the outer nuclear
membrane (ONM). Both are continuous with the
endoplasmic reticulum. Just below the INM is
the nuclear lamina (Fig. 8.1), a dense meshwork
of intermediate filament proteins (lamins) that
confers mechanical support and stiffness to the
nuclear envelope (Ungricht and Kutay 2017).
Together, the envelope and lamina surround the
nucleoplasm, the genome (i.e. chromatin), and
various subnuclear bodies—mostly ribonucleic
protein complexes like nucleoli, promyelocytic
leukemia (PML) nuclear bodies, Cajal bodies,
and splicing speckles (Martins et al. 2012).

The nucleus mechanically couples to the cy-
toskeleton by way of Linker of Nucleoskele-
ton and Cytoskeleton (LINC) complexes (Irianto
et al. 2016b). A LINC complex consists of a
SUN protein that binds to the lamina and con-
nects via nuclear envelope spectrin repeat pro-
teins (nesprins) to a KASH domain on the ONM
(Tapley and Starr 2013). The cytoplasmic re-
gion of the KASH domain then mediates in-
teractions between the nucleus and the cyto-
plasm/cytoskeleton by tethering the ONM to cy-
toskeletal microtubules, actin filaments, and in-
termediate filaments (Tapley and Starr 2013).
Numerous experiments demonstrate this physi-
cal nucleo-cytoskeletal linkage: for example, tar-
geted laser ablation of the actin cytoskeleton
causes the nucleus to move laterally and away
from the culture substrate, and can even cause
local nuclear deformation (Mazumder and Shiv-
ashankar 2010; Nagayama et al. 2011). And the
disabling of endogenous LINC complexes results
in loss of cellular mechanical stiffness compa-
rable to the loss of stiffness observed with lam-
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Fig. 8.1 A-type and B-type lamins form a dense mesh-
work on the inside of the nuclear envelope. The nu-
cleus mechanically couples to the cytoskeleton by way
of Linker of Nucleoskeleton and Cytoskeleton (LINC)
complexes, which consist of a SUN protein that binds
to the lamina and connects via nuclear envelope spectrin

ina disruption (Stewart-Hutchinson et al. 2008).
Because the nucleus mechanically couples to the
cytoskeleton—and ultimately, via adhesions, to
extracellular matrix (ECM)—it deforms with the
cell during 3D migration (Broers et al. 2004;
Swift et al. 2013).

Deformation of the Nucleus
During Constricted
Migration

8.3

Different cell types employ different single-
cell migration modes in 3D environments.
Tissue fibroblasts exhibit relatively slow (~0.5—
1 pm/minute) mesenchymal cell migration
(Cukierman et al. 2001), while dendritic cells
and immune cells (e.g. leukocytes) favor ~10—
40-fold faster amoeboid movement (Friedl et al.
1998). Mesenchymal cell migration proceeds as
follows: (1) the cell polarizes to create a leading
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repeat proteins (nesprins) to a KASH domain on the outer
nuclear membrane. The cytoplasmic region of the KASH
domain then mediates interactions between the nucleus
and the cytoplasm/cytoskeleton by tethering the nuclear
membrane to cytoskeletal microtubules, actin filaments,
and intermediate filaments

edge that extends actin-rich protrusions; (2) the
protrusions form adhesions to ECM contacts;
(3) myosin II-mediated contraction of the actin
cytoskeleton shortens the rear of the cell and
advances the cell body; and (4) the trailing
edge detaches from the substratum, allowing
the cell to translate forward. Such migration
can include degradation of the ECM by matrix
matelloproteinases (MMPs) (Even-Ram and
Yamada 2005). By contrast, amoeboid migration
is typically non-proteolytic, and it involves
weaker, more transient adhesive interactions with
the ECM (Parri and Chiarugi 2010). In reality,
migration modes exist along a continuum, and
the mode adopted by a given cell in a given
microenvironment seems to be determined by
factors such as ECM stiffness and the intrinsic
contractility of the cell (Parsons et al. 2010).
Regardless of the particular motility mode,
deformation of the cell during 3D migration leads
to deformation of the nucleus. The first step in
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the migration process, polarization, requires the
cell’s cytoskeleton and organelles—including the
nucleus—to rearrange themselves within the cell
body. In polarized mesenchymal cells, fibrob-
lasts, neurons, and most cancer cells, the nu-
cleus assumes a rearward position, thus establish-
ing a leading edge-to-centrosome-to-nucleus axis
along the direction of locomotion—at least on
rigid substrates (Gomes et al. 2005; Gasser and
Hatten 1990; Tsai and Gleeson 2005; Barnhart
et al. 2010). On soft substrates, the centrosome
is more random in location (Raab et al. 2012).
Whereas most nuclear movements are thought to
be microtubule-mediated (Luxton et al. 2010),
nuclear repositioning for migration is driven by
retrograde flow of actin: inhibiting myosin-II or
actin with blebbistatin or cytochalasin D, re-
spectively, is known to block actin retrograde
flow, and doing so prevents rearward nuclear
movement during cell polarization (Gomes et
al. 2005), although cells can still migrate with
myosin-II inhibition in 2D. Actin cables are cou-
pled to the dorsal surface of the nuclear envelope
by LINC complexes, as described above; these
linkages transmit force from actin flow to the
nucleus (Luxton et al. 2010).

After polarization, as the cell proceeds to
squeeze into a tight constriction in 3D, the nu-
cleus moves with the cell body by being either
pushed or pulled. Under the pushing mechanism,
the nucleus is squeezed forward by actomyosin
contraction in the (detached) rear of the cell
(Roth et al. 1995; Zhang et al. 2007). Such
trailing-edge contraction propels nuclear translo-
cation during constricted migration of leuko-
cytes: myosin II-inhibited leukocytes migrating
through 3D gels exhibit a peculiar elongated
shape with a rounded back due to nuclear immo-
bilization at the rear ends of the cells. Because
posterior actomyosin contraction is required to
retract and detach the cell membrane, myosin II
inhibition renders leukocytes unable to push their
large, rigid nuclei through small interstices in
the gel (Lammermann et al. 2008). Similarly, in
3D migration studies of breast, brain, and other
cancer cells, non-muscle myosin II localizes to
the perinuclear cytoskeleton and cell posterior,
and then exerts pushing forces to advance the
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nucleus (Harada et al. 2014; Beadle et al. 2008;
Ivkovic et al. 2012). Knockdown of myosin IIB
dramatically slows migration of breast cancer
cells through narrow channels, whereas knock-
down of myosin IIA—the non-muscle myosin
II isoform that generates force during leading-
edge protrusion—has little effect on migration
time through the constrictions. The isoforms have
almost opposite effects in 3D migration of glioma
cells. Nesprin-2 provides a possible physical link
between the nucleus and myosin IIB-mediated
force generation (Beadle et al. 2008).

Under the pulling mechanism, actomyosin
contraction physically pulls the nucleus forward
during 3D migration. When Rac1 photoactivation
is used to create a new leading protrusion in
a crawling fibroblast (by triggering local F-
actin polymerization at the front of the cell),
the nucleus moves persistently toward the new
leading edge without trailing-edge detachment—
even when microtubules are depolymerized (Wu
et al. 2014). In lobopodial fibroblasts, the pulling
forces are generated by non-muscle myosin
ITA-containing actomyosin bundles that form
complexes with the intermediate filament protein
vimentin and the LINC protein nesprin-3 (Petrie
et al. 2014). Ultimately, it is likely that both
pushing and pulling forces contribute—in a cell
type- and migration mode-dependent manner—
to the forward motion of nuclei during 3D
migration.

Whether the nucleus is pushed or pulled by
actomyosin, it can undergo huge deformation
when constricted. Whereas the nucleus maintains
its original ellipsoid shape and simply re-orients
during transit through large pores in loose tissues
(Friedl et al. 2011), it is severely locally com-
pressed by small pores in dense tissues, resulting
in transient shape changes (Harada et al. 2014).
Reflecting the larger deformation required by
smaller pores, migration speed decreases linearly
with decreasing pore size (Irianto et al. 2017).
Compression of the nucleus during migration is
actuated by cytoskeletal forces and opposed by
the geometry of ECM pores. In 2D culture on stiff
glass substrates, a dome-like perinuclear actin
cap largely aligns with the overall cell orientation
(Khatau et al. 2009), and this cap might actively
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drive nuclear shape changes during 3D migra-
tion. Moreover, intermediate filaments includ-
ing vimentin surround the nucleus in a fibrous
“cage” that is required for nuclear re-shaping in
response to actomyosin-induced forces (Neelam
et al. 2015). Both the actin cap and cage-like
intermediate filaments connect to the nuclear
envelope through LINC complexes; hence, LINC
complex disruption impairs nucleo-cytoskeletal-
mediated nuclear deformation and often causes
migratory defects (Khatau et al. 2012).

Beyond single-cell migration, it should be
noted that cells often maintain their cell-cell
junctions and undergo collective migration, trav-
eling in sheets, strands, tubes, or clusters (Parri
and Chiarugi 2010). Such movement usually oc-
curs along smooth ECM interfaces (Friedl et
al. 2011); for example, collective migration of
invasive cancer cells through tissue barriers re-
quires MMPs to clear tracks—devoid of steri-
cally impeding fibers—in the ECM. Multicellular
invasion along these proteolytic tracks causes
significantly less morphological adaptation and
nuclear deformation than does single-cell mi-
gration through non-reorganized collagen (Wolf
et al. 2007). Thus, the severity of nuclear de-
formation depends on the mode of migration—
collective versus single-cell, proteolytic versus
non-proteolytic.

8.4  Regulators of Nuclear

Deformability

Nuclei have viscoelastic properties (Guilak et al.
2000; Dahl et al. 2005), meaning that they exhibit
stress relaxation: when a constant deformation is
applied, the resulting mechanical stress on the
nucleus decays over time. They also exhibit a
creep response such that when a constant stress is
applied, the nucleus continues permanently to de-
form. Viscoelastic materials are often modeled as
anetwork of elastic springs and viscous dashpots.
For example, in the three-component standard
linear solid model, which is designed to show ex-
ponential stress relaxation and exponential creep,
a spring is placed in parallel with a “Maxwell
arm” consisting of a spring and dashpot in series
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(Meidav 1964). This model has been applied
to isolated articular chondrocyte nuclei pulled
by constant suction pressure into micropipettes
(Guilak et al. 2000). However, spring-dashpot
models are limited in the case of nuclei be-
cause nuclear stress relaxation and creep occur
over many decades of time. To accurately model
viscoelastic behavior on such timescales would
require a very large (physically meaningless)
number of spring and dashpot elements, which
could increase mathematical complexity to the
point of impracticality (Lange and Fabry 2013).

As opposed to a superposition of very
many exponential response functions, a power-
law model provides a simpler and more
physically meaningful approach to describe
nuclear mechanics under deformation. Indeed,
micropipette aspiration and atomic force
microscopy (AFM) assays indicate that isolated
intestinal epithelial cell nuclei exhibit power-
law rheology (Dahl et al. 2005). The creep
compliance J(f) of the nucleus—that is, the ratio
of nuclear strain to applied stress as a function of
time r—is given by

t \* 1
J(l‘)=fo(g> [Z]k_Pa’

where the prefactor Jy corresponds to the inverse
of the dynamic shear modulus G measured at a
frequency of 1 rad/s (Dahl et al. 2005; Lange and
Fabry 2013; Hildebrandt 1969). The exponent «
depends on the dynamics of the force-bearing
elastic structures of the nucleus (Lange and Fabry
2013)—in particular, the lamina and the chro-
matin, as we will describe below. A purely elastic
solid would have a power-law exponent of o« = 0,
while a purely viscous fluid would have an expo-
nent of « = 1. The measured value for isolated
nuclei from intestinal epithelial cells is « ~ 0.2—
0.3 (Dahl et al. 2005).

Power-law rheology could have a number of
important consequences for nuclei undergoing
constricted migration. First, in a material with a
power-law exponent of o & 0.2-0.3, mechanical
stresses decay slower than exponentially, but they
do become small for large enough ¢. To illustrate,
if the effective stiffness of a nucleus is 1 kPa

8.1)
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when measured at a frequency of 1 Hz, then the
same nucleus should have an effective stiffness of
only ~0.3 kPa when measured at 0.01 Hz. Thus,
ignoring active mechanics, as the speed of nu-
clear movement decreases, so do the movement-
resisting forces that arise from nuclear defor-
mation (Lange and Fabry 2013). Second, the
power-law behavior of nuclei has implications for
chromatin organization during migration. Other
systems with power-law rheology, such as mi-
crogels, have an essentially infinite number of
intermediate conformations corresponding to in-
finite relaxation modes or timescales. It seems
likely that nuclear components at different length
scales—from nucleosomes to chromosomes to
chromatin fibers—also have intermediate con-
formations of mechanical relaxation, reflecting
metastable states that could impact gene expres-
sion kinetics (Dahl et al. 2005).

The power-law viscoelasticity of nuclei
is determined principally by the lamina and
chromatin—or at least the chromatin volume
fraction. We will discuss each structure in turn.
The intermediate filaments that comprise the
nuclear lamina are divided into two sub-types
(Fig. 8.1): A-type lamins (lamin-A and -C),
which are alternative splicing products of the
LMNA gene; and B-type lamins (lamin-B),
which are encoded by the LMNB1 and LMNB2
genes. Although A- and B-type lamins have
similar amino acid sequences and structural
features, they have different post-translational
modifications (Irianto et al. 2016b): the lamin-B
monomer is permanently modified by addition
of a farnesyl group, which is hydrophobic and
tethers lamin-B to the INM (Hennekes and Nigg
1994). As a result, lamin-B is less mobile and
dynamic than mature lamin-A (Shimi et al.
2008), from which the farnesylated C-terminus
is cleaved (Irianto et al. 2016b). Like other
intermediate filament proteins, including keratin
and vimentin, lamin monomers form coiled-
coil parallel dimers that assemble into filaments
of ~3.5 nm thickness, organized in complex
meshworks of ~14 nm thickness (Herrmann
et al. 2009; Turgay et al. 2017). Cryo-electron
tomography of mouse embryonic fibroblasts
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suggests that both lamin sub-types are present
throughout the meshwork, including in densely
packed and sparsely occupied regions (Turgay et
al. 2017).

Lamin-A levels vary widely across adult cell
types, scaling with resident tissue stiffness (Swift
et al. 2013). Meanwhile, lamin-B expression re-
mains relatively constant such that the ratio of
lamin-A to -B is highest in stiff tissues like mus-
cle and bone, and lowest in soft tissues like brain
and fat. The positive scaling of lamin-A:B ratio
with tissue microelasticity suggests a possible
role for lamin-A in protecting the nucleus against
mechanical stresses, which are expected to be
higher in stiffer tissues. Consistent with such
a protective function, lamin-A confers viscous
stiffness to nuclei, while lamin-B contributes to
nuclear elasticity. When nuclei of diverse tissue
lineage are pulled into micropipettes under con-
trolled pressure (~kPa), each nucleus extends
within seconds in a viscoelastic manner, as de-
scribed above. Importantly, effective nuclear vis-
cosity increases more rapidly than effective elas-
ticity as a function of lamin-A:B stoichiometry.
This trend suggests that whereas lamin-B func-
tions like the elastic walls of a balloon, restoring
the nucleus to its original shape in response to
applied stresses, lamin-A acts like a viscous fluid
that coats the walls and perhaps fills the balloon
to dynamically resist deformation (Swift et al.
2013). Moreover, lamin-A knockdown is known
to soften nuclei (Harada et al. 2014; Pajerowski
et al. 2007), and mutations in lamin-A are asso-
ciated with diseases—“laminopathies” including
muscular dystrophy and premature aging (Sulli-
van et al. 1999). Levels of lamin-A and lamin-
B are abnormal in many cancers; lamin-A is low
in lung and breast tumors, for example (Irianto
et al. 2016b). Lamin-A depletion had been re-
ported to favor nuclear rupture in fibroblastic
cells spread and flattened on stiff substrates but
not on soft substrates where cells and nuclei are
more rounded and relaxed (Tamiello et al. 2013);
further study of such 2D cultures demonstrated
that nuclear rupture occurs at sites of high nuclear
curvature where stiff lamin-B filaments tend to
detach (Xia et al. 2018).
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In cell migration through small pores, the
lamina regulates nuclear deformability. Lamin-A
in particular is known to be rate-limiting in 3D
migration of diverse human cell lines, ranging
from brain and lung cancer cells to primary
mesenchymal stem cells (MSCs) (Harada et al.
2014). For a given cell type, wild-type levels
of lamin-A protect against stress-induced death
during transit through small pores, whereas low
levels cause susceptibility to stress and apoptosis,
and high levels impede migration. Thus, lamin-A
is a barrier to 3D migration, but it promotes
nuclear integrity and survival (Harada et al.
2014).

Chromatin can also play a role in the
mechanical response of the nucleus. Chromatin
consists of DNA wrapped around histone
octamers, and it exists in two forms: open
euchromatin (low density), which contains
most actively transcribed genes; and tightly
packed heterochromatin (higher density), which
can silence gene transcription (Dahl et al.
2008). Treatment with the deacetylase inhibitor
trichostatin A (TSA) favors euchromatin
organization by causing large-scale chromatin
decondensation; such remodeling renders
nuclei softer and more deformable. Conversely,
chromatin condensation by divalent cations
such as Ca’* and Mg?* results in extremely
stiff nuclei with small values for the creep
compliance factors Jy and « (Eq. 8.1). The
relative deformability of euchromatin structures
hints that external forces—like those imposed
by constricting pores during 3D migration—
could easily reorganize gene-rich regions
of the genome (Pajerowski et al. 2007).
Moreover, although isolated chromosomes
respond elastically to applied stress (Cui and
Bustamante 2000; Marko 2008), chromatin
within the nucleus responds by either flowing
with the stress or bearing it. As observed in
nuclei that lack lamins, INM chromatin tethers
constrain flow and favor an elastic response to
small forces. However, untethering of chromatin
from the INM allows the chromatin to flow under
deformation to a new, lower energy configuration
(Schreiner et al. 2015). These results, which
indicate that chromatin contributes both elasticity
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and viscosity to the nucleus, are consistent with:
(1) nuclear stretching experiments in which
chromatin governs elastic resistance to small
nuclear deformations (Stephens et al. 2017); and
(2) micropipette aspiration experiments showing
that chromatin can flow, shear, and locally
compact like a complex fluid (Pajerowski et al.
2007). Together, the lamina and the chromatin
(especially in case of high volume fraction)
determine the mechanical properties of the
nucleus and the severity of nuclear deformation
during constricted migration.

8.5 Effect of Nuclear
Deformation on Chromatin

and Nuclear Factors

Migration through constricting pores exerts
compressive forces on the nucleoplasm, causing
the internal pressure in the nucleus to rise. In
regions—Ilike the leading tip of the nucleus—
where no external forces are applied, the
increased internal pressure is equilibrated by an
increase in the surface tension of the nuclear
envelope, per the Young-Laplace equation.
To relax some of this tension and lower the
membrane stretching energy, a hole may form
in the lamina, leading to fluid outflow from
the nucleus that locally inflates the nuclear
envelope. Such inflation produces a bleb,
which can burst to cause leakage of nuclear
factors—and even herniation of chromatin—into
the cytoplasm, with corresponding leakage of
cytoplasmic factors into the nucleus (Deviri
et al. 2017). Indeed, in back-to-back papers
from two groups (Denais et al. 2016; Raab
et al. 2016), migration of various cancer cell
lines, immortalized epithelial cells, and primary
dendritic cells through narrow channels was
shown to rupture the nuclear envelope. Rupture,
which can occur even without bleb formation
(Pfeifer et al. 2018), leads to exchange of
nucleo-cytoplasmic contents, as indicated by
cytoplasmic accumulation of GFP-NLS (nuclear
localization signal) and nuclear accumulation of
NES (nuclear export signal)-GFP. The resealing
of nuclear envelope lesions is thought to be
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mediated by endosomal sorting complex required
for transport IIT (ESCRT IIT) components (Denais
et al. 2016; Raab et al. 2016).

In the same two papers, rupture was shown
to be followed by enrichment at the envelope
(Denais et al. 2016) or far from the envelope
(Raab et al. 2016) of a GFP fusion of an over-
expressed DNA repair factor 53BP1, but no sup-
porting evidence of DNA damage was provided
in terms of endogenous damage markers such as
the standard histone YH2AX or electrophoresis
of DNA fragments. The authors speculated that
the observed pools of GFP-53BP1 could be due
to nuclear influx of cytoplasmic nucleases, which
potentially cleave the DNA and trigger a DNA
damage response. However, accumulations of
GFP-53BP1 could instead reflect local pooling
of mobile nuclear proteins into rarefied pockets
of the strongly deformed chromatin (Irianto et al.
2016a).

Other pore migration studies of two cancer
lines and primary human MSCs have provided
clear measures of excess DNA damage based
on increased foci of YH2AX, increased foci of
the upstream kinase phospho-ATM, and longer
electrophoretic comets of DNA (Irianto et al.
2017; Pfeifer et al. 2018). Nuclear entry of cy-
toplasmic nucleases fails as an explanation for
this damage, because nuclease infiltration would
be expected to cause localized damage concen-
trated near the site of nuclear envelope rup-
ture. However, yH2AX and pATM foci have
a pan-nucleoplasmic distribution, suggesting a
more global damage mechanism (Irianto et al.
2017). While it is tempting to propose that chro-
matin fragmentation as a nucleus enters and elon-
gates in a small pore might account for the
increased damage, this mechanism also seems
unlikely given that stretched chromatin maintains
its integrity. In living cells, an mCherry-tagged
nuclease was targeted to a submicron locus on
chromosome 1, where it causes DNA cleavage—
and thus recruitment of DNA repair factors to
a large region around the locus. Micropipette
aspiration of these cells and their nuclei shows
that the chromatin aligns and stretches parallel
to the pore axis. Importantly, even though DNA
within the engineered locus is cleaved by nucle-
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ase, intensity profiles of mCherry indicate conti-
nuity, meaning that integrity of the chromatin is
maintained during nuclear distention. Chromatin
shearing is therefore unlikely to explain the ex-
cess DNA damage that follows pore migration
(Irianto et al. 2016¢).

One possible mechanism is global inhibition
of DNA repair. DNA breaks constantly form by
various means, including replication or oxidative
stress, and are repaired by dedicated factors that
are often implicated in cancer (including ATM,
BRCAL, etc.). Damage rate and repair rate reach
a steady state dependent on the level or activity
of the repair factors. A compelling hypothesis
holds that constriction-induced mis-localization
of repair factors causes partial depletion of repair
factors throughout the nucleus, which physically
inhibits repair of routine DNA breaks and leads to
the observed transient increases in DNA damage
(Irianto et al. 2017; Pfeifer et al. 2018). Inactivat-
ing mutations in DNA repair factors BRCA1 and
BRCA2 are such well-established risk factors
for cancer that they warrant surgical removal
of ovary and breasts (Levy-Lahad and Fried-
man 2007). Mouse knockouts or heterozygous
mutants for BRCA1 and BRCA2, among other
repair proteins, have indeed been shown to al-
ter chromosome copy numbers (Holstege et al.
2010). Therefore, any migration-induced physi-
cal depletion of such factors should also increase
DNA damage and mutation probabilities.

Constriction mis-localizes repair factors
in two ways (Fig. 8.2). First, if nuclear
envelope rupture occurs, as described above,
then diffusible repair factors leak into the
cytoplasm for hours before ultimately re-
localizing to the nucleus (Irianto et al. 2017).
Second, regardless of nuclear envelope rupture,
constrictions “squeeze out” all diffusible proteins
from regions of high DNA compaction, such
as at the entrance of a constricting pore
(Irianto et al. 2016a). To elaborate, absent
DNA damage, GFP-53BP1 is ordinarily diffuse
in the nucleus, consistent with nucleoplasmic
mobility (Bekker-Jensen et al. 2005; Pryde et al.
2005). However, during constricted migration,
as the nucleus contorts to enter a pore, mobile
GFP-53BP1 is significantly depleted within the
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Soft tissue

Fig. 8.2 Since stiffer tissues tend to have higher matrix
density, and thus smaller pores, cancer cells might sustain
more nuclear stress during tumorigenic invasion into stiff
tissues as compared to soft ones. Migration through small
pores severely deforms the nuclei of invading cancer cells,
which causes mis-localization of DNA repair factors via
(1) “squeeze-out” of all diffusible proteins from regions of

constriction, in contrast to DNA or chromatin-
bound proteins like mCherry-Histone H2B,
which are instead enriched in the constriction.
Similarly, endogenous 53BP1 (immunostained)
and the additional DNA repair factors GFP-Ku70
and -Ku80—all in the mobile phase—show such
striking depletion. These observations suggest
that nuclear constriction excludes, and hence
depletes, mobile nucleoplasmic factors from the
pore. Nuclear factor segregation is also observed
during micropipette aspiration: all of a dozen
mobile proteins examined—including upstream
DNA damage response factors (e.g. MREI1I,
RPA) as well as downstream factors (e.g.
BRCAI1)—segregate like GFP-53BP1 (Irianto
et al. 2016a).

A simple model for squeeze-out of mobile
nuclear factors provides insight into why segre-
gation occurs and gives a mechanistic basis for
the hypothesis that severe constriction can arrest
DNA damage repair (Bennett et al. 2017). Chro-
matin is modeled as a solid mesh of volume frac-
tion f, intermixed with a fluid of mobile nuclear
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high DNA compaction and (2) rupture-induced leakage of
nuclear proteins into the cytoplasm. Such mis-localization
causes partial depletion of repair factors throughout the
nucleus, which physically inhibits repair of routine DNA
breaks and leads to excess DNA damage. Migration-
induced DNA damage results in lasting, heritable genomic
heterogeneity

proteins. For cells in static culture, chromatin has
been measured to occupy f ~ 67% of the nuclear
volume (Bancaud et al. 2009), so the free volume
for diffusion of mobile factors is (1 — f) ~ 33%.
However, constriction increases the local density
of chromatin by a factor of ~1.25 such that
inside the pore feonstricted ~ 84%, which causes the
free volume there to decrease to (1 — feonstricted)
~ 16%. It follows that mobile factors should
decline in the constriction to (1 — feonstricted)
/(1 — f) ~ 0.5 of their original abundance,
which agrees well with experiments (Irianto et
al. 2016a; Bennett et al. 2017). This depletion
of mobile proteins, including repair proteins, is
compounded by rupture-induced leakage into the
cytoplasm. Altogether, mis-localization of repair
factors during constricted migration impedes the
DNA damage response. Thus, normally occur-
ring DNA damage—that might arise due to repli-
cation stress, reactive oxygen species, or other
sources—cannot be efficiently repaired while the
nucleus is inside the pore, leading to excess
damage.
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8.6 Downstream Consequences
of Constriction-Induced
Nuclear Deformation

Migration-induced DNA damage leads to
lasting genomic heterogeneity that translates to
transcriptomic and phenotypic changes. Clonal
U20S cells were subjected to three consecutive
migrations through constricting pores; from
among these thrice-migrated cells, the genomes
of six single-cell-derived clones were quantified
by SNP array analysis. Compared to the pre-
migration clone, the migrated clones showed
unique chromosome copy number changes and
loss of heterozygosity (Irianto et al. 2017).
Because the pre-migration population was 100%
clonal and the migrated sub-clones exhibited
unique genomic changes, it stands to reason
that migration causes—as opposed to simply
selecting for—genomic variation. On the other
hand, selection of rare subpopulations with
pre-existing genomic differences is a possible
mechanism that might only be addressed by live
cell monitoring of genome transitions in single
cells — a method that awaits development.

The clinical implications of constricted mi-
gration causing heritable mutations are vast. Ad-
vances in whole-genome sequencing technology
have allowed for complete cataloguing of the
genomic changes that occur in cancers of dif-
ferent types (Martin et al. 2015; Schumacher
and Schreiber 2015; Matsushita et al. 2016). In
a meta-analysis of published cancer sequencing
data (Pfeifer et al. 2017), the somatic mutation
rates for 36 cancer types were culled from a num-
ber of recent papers (Schumacher and Schreiber
2015; Alexandrov et al. 2013; Lawrence et al.
2013; Martincorena et al. 2015; Martincorena
and Campbell 2015; Chen et al. 2014; Shain et
al. 2015), as were the stiffnesses of the healthy
tissues in which those cancers arise. This meta-
analysis revealed that cancers arising in stiff
tissues, such as lung and skin, exhibit more than
30-fold higher somatic mutation rates than those
arising in soft tissues, like marrow and brain. Al-
though tumors often stiffen—or, less frequently,
soften—their surrounding tissue over the course
of tumorigenesis (Levental et al. 2010), the
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stiffness of a typical brain tumor microenviron-
ment never reaches that of a typical bone tu-
mor microenvironment, so the stiffness gradient
among tissue types prevails.

The scaling of genomic variation with tissue
stiffness suggests a possible mechanical source of
cancerous mutations. One promising hypothesis
implicates constricted migration of cells through
stiff tissues (Fig. 8.2). Tissue stiffness increases
with abundance of fibrous protein (e.g. colla-
gen) (Swift et al. 2013), and denser collagen
matrix has smaller interstitial pores (Yang et
al. 2009). Therefore, when cancer cells invade
normal tissue during tumor growth (Liotta et al.
1991), they generally encounter a higher colla-
gen concentration and smaller pores in stiffer
tissues than in softer ones. As discussed, squeez-
ing through small pores—but not larger ones—
severely deforms the nuclei of invading can-
cer cells, which stresses the nuclear lamina and
causes DNA damage, heritable genome changes,
and even cell death (Harada et al. 2014; Irianto
et al. 2017). Thus, constricted migration through
increasingly small holes in increasingly collagen-
rich matrix stands as a possible explanation for
the relation between mutation rate and tissue
stiffness.

In a recent study, single-cell genome sequenc-
ing was used to measure copy number changes in
single breast tumor cells while preserving their
spatial context in the breast tissue. The authors
of this study found a direct genomic lineage
between the primary tumor (the ductal carcinoma
in situ) and invasive tumor subpopulations; they
concluded that the subpopulations must carry
mutations from the primary carcinoma, rather
than incurring new mutations during the invasive
migration process (Casasent et al. 2018). How-
ever, breast is of low-to-intermediate stiffness
(Lopez et al. 2011), so it makes sense, per the
above hypothesis, that migration of tumor cells
through breast tissue does not cause a large in-
crease in mutational load.

Since cells need to repair DNA damage suf-
ficiently in order to progress through cell cycle
(Dasika et al. 1999), it seems plausible that DNA
breaks incurred during migration—perhaps in
combination with mis-localization of crucial cell
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Fig. 8.3 Invasion and proliferation are hallmarks of can-
cer. Invading cancer cells squeeze into regions of low
cancer cell density, including nearby tissues or blood
capillaries. The resulting loss of contact inhibition could

cycle proteins—could suppress cell proliferation.
Combined EdU cell proliferation and pore migra-
tion assays show that migration through 3 pm
pores indeed causes a transient delay in cell cycle
for three diverse cancer cell lines (Pfeifer et al.
2018). These findings are relevant to the so-called
“go or grow” hypothesis, long-debated in cancer
research, which holds that proliferation and mi-
gration are mutually exclusive events (Garay et
al. 2013; Giese et al. 1996). It appears that ad-
ditional mutation-relevant processes are involved
in a “go, damage, repair, and then grow” be-
havior, with cancer cells showing excess DNA
damage and repressed cell cycle after migration.
The surprising delay in growth has implications
for the invasive migration of cancer cells away
from a physically crowded tumor mass and into
nearby stiff tissues or blood capillaries (Fig. 8.3).
Moreover, the combined proliferation/migration
assays also show that G1- and G2-phase cells in-
cur a similar excess of DNA damage, suggesting
that constriction-induced DNA damage occurs
independent of cell cycle phase and hence inde-
pendent of DNA replication (Pfeifer et al. 2018).

8.7 Conclusion

In this chapter, we began by describing the
deformation of the nucleus during 3D migration,
both due to forces imposed by the geometry of
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DNA replication,
mitosis of invasive cells

in principle encourage proliferation. However, migration
through 3 pm pores has been shown to cause a transient
delay in cell cycle for diverse cancer cell lines, illustrating
a “go, damage, and then grow” process

rigid pores and due to intracellular mechanisms
that actively drive nuclear shape change. Then,
we reviewed the latest research on the mechanical
properties of the nucleus and, in particular,
examined how the lamina and chromatin regulate
nuclear deformability during migration through
tight constrictions. Next, we considered the
impact of such large deformation on chromatin
and nuclear factors. Constricted migration causes
frequent lamina rupture, which—along with
‘squeeze-out’ of mobile nuclear proteins—Ileads
to mis-localization of crucial DNA repair factors,
followed by an increase in DNA damage. Finally,
we discussed some downstream consequences
of constriction-induced DNA damage, namely,
effects on genome integrity including possible
mutations, as well as cell death and delays in cell
cycle progression. Differentiation is also seen to
be affected based on studies to be published soon.
This chapter has introduced biophysics concepts
relevant to nuclear mechanics during cell
migration, while outlining some of the biological
consequences of severe nuclear deformation.
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Active particle models, 73-75 Cancer cell migration
Agent-based model Cell adhesion
cell-substrate interaction, 2 anisotropic tension model
example, 2-3 average radius of curvature, 19
finger-like protrusion, 3—4 bulk stresses, 20
Ornstein-Uhlenbeck process, 3 directed contractility, 20
self-propulsion, 2 force balance equation, 20
single-cell gradient sensing, 3 integration constant, 21
Vicsek model, 2-3 isotropic contractility, 20
wound edge, 4 reference frame, 21
Anisotropic tension model stress fibers, 19-21
average radius of curvature, 19 traction forces, 21-22
bulk stresses, 20 turning angle, 21
directed contractility, 20 assumptions, 14
force balance equation, 20 bending elasticity
integration constant, 21 active cable network, 23
isotropic contractility, 20 adaptive bending stiffness, 22
reference frame, 21 adhesion points, 24-25
stress fibers, 19-21 asymptotic behavior, 23
traction forces, 21-22 Barbier’s theorem, 25
turning angle, 21 cardiac myocytes, 22
Atomic force microscopy (AFM), 121 cell mechanics, 22
Avalanches, 69-71 classic Lévy problem, 22

contraction, 23
curve of constant width, 24-25

B discrete rotational symmetry, 22-24
Biochemical models end-point curvature, 25

EMT, 6-7 force per unit length, 23-24

hybrid E/M phenotype, 7-8 isotropic cytoskeleton, 22—-24

ordinary/partial differential equations, 6 Lévy problem, 27

PSFs, 7 local curvature, 24

RACIPE, 7-8 moment resultant, 22

signaling aspect, 6 non-adherent cells, 23

wound healing, 7 non-tangential stresses, 22
Boolean models, 6 passive restoring forces, 22
Bovine aortic ECs (BAECs), 98 peripheral contractility, 23
Branching and annihilating random walks (BARWs), phase diagram, 25-27

110-111 physiological stiffness, 22

Branching morphogenesis, 110-111 protrusions, 27
Brownian particles, 68 simple quadratic solution,
Bursts, 68, 70 24-25
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Cell adhesion (cont.)
stress resultant, 22
substrate stiffness and contractility, 25-26
examples, 14
extracellular matrix, 14
mathematical preliminaries and notation, 15-16
mechanical functionalities, 14
simple tension model
actomyosin cytoskeleton, 16, 17
adhesion points force, 17-18
bulk and peripheral contractility, 17
cell boundary shape, 17
contractile forces, 16
effective energy functional, 16—17
mechanical equilibrium, 16
peripheral actin, 16
traction force, 18—-19
variational principles, 17
Y-27632, 17
transmembrane adhesion receptors, 14—15
two-dimensional continuum, 14
Cell-induced/self-generated gradients, 110
Cellular Potts model, 3, 6
Chemotaxis, 86—87
Chromatin, 124-126
Circulating Tumor Cells (CTCs), 7
COC, see Cyclicolefin copolymer
Collective cell migration
active continuous media
in-plane cellular stress, 49-50
in-plane force balance, 48
intracellular stress, 50-51
mechanochemical coupling, 51-52
out-of-plane traction forces, 48—49
soft elastic matrix, 48
thickness-averaged force balance equation, 48
biochemical models
EMT, 6-7
hybrid E/M phenotype, 7-8
MET, 7-8
ordinary/partial differential equations, 6
PSFs, 7
RACIPE, 7-8
signaling aspect, 6
wound healing, 7
cell-cell interactions, 46
cell jamming, 39
continuum modelling (see Continuum modelling)
development
branching morphogenesis, 110-111
developmental defects, 111-112
Drosophila border cell migration, 106
gastrulation, 107
haemocyte dispersal, 107-108
lateral line formation, 109—-110
metastatic invasion, 112
neural crest, 108—109
endothelium
cell motility, 40

functional barrier, 39—40
location, structure, and functions, 39
sprouting angiogenesis, 40—41
tip and stalk differentiation, 41
tissue integrity, 40
examples, 1-2
experimental approaches
cell behaviors, 34-35
continuum substrate methods, 34
discrete methods, 37-38
fibroblasts, 34-35
image post-processing, 34
reference-free continuum approaches, 37
TFM, 34
traction force assays, 35-36
visualization of forces, 34, 36
Zero-force reference image, 36-37
homeostatic pressure, 46
innate epithelial responses, 38
kenotaxis, 39
mechanical models
agent-based model, 2—4
cellular Potts model, 3, 6
elements, 2
factors, 2
migration modes and force patterns, 2
phase-field model, 3, 5-6
sub-cellular-element model, 3—4
vertex model, 3-5
Voronoi model, 3-5
mesenchymal migration
blood and lymphatic vessels, 31
cell density, 33-34
experimental results, 34
fabrication protocols, 33
in vitro model, 32
isolated epithelial cells, 33
normal and tumor cells, 32-33
physical and molecular factors, 32
quiescent epithelia, 31
2D substrates, 32
wound healing, 31
mesoscale, 47
multicellular processes, 45-47
PIV analysis, 39
plithotaxis, 33, 39
self-propelled particle models, 39
single-cell movement, 1-2
statistical features
active particle models, 73-75
avalanches, 69-71
cancer metastasis, 67
fluctuations, 68-71
jamming/unjamming transition, 71-73
self-propulsion, 68
vertex and voronoi models, 75-76
time-resolved images, 38-39
Traction Force Microscopy, 47
unjamming phenomena and reactivation, 39

Index
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Confocal TFM, 37-38
Constitutive model, 49-50
Constricted migration
actomyosin, 120
DNA damage, 126-127
mesenchymal cell migration, 119
myosin II inhibition, 120
Racl photoactivation, 120
single-cell migration, 121
Contact-inhibition of locomotion, 108
Continuum modelling
challenge of, 61
collective motility
mechanical waves, 54-55
migration fingers, 54
plithotaxis, 54
scratch-assay, 54
strain field and concentration field, 55-56
confinement, 56-57
elastic model
compressional modulus, 61
contractile stresses, 59
displacement field, 61
in-plane force balance equation, 59
Lagrangian frame, 59
length of, 61
steady growth, 61
stress balance equation, 61
wound healing assays, 55, 59
epithelial gap closure
cell-cell and cell-substrate interactions, 57-58
contractile forces, 57-58
lamellipodia and purse-string forces, 58-59
physical barrier, 56-57
epithelial monolayers, force transmission
boundary condition, 52
cohesive cell colonies, 53-54
displacements, 53
experimental observations, 53
extracellular matrix proteins, 52
intercellular stress, 52
stress penetration depth, 53
traction force localization, 52-53
fluid model
contractile stresses, 59
Eulerian frame, 59
fluidization/stiffening cycles, 59
in-plane force balance equation, 59
intercellular stresses, 59-60
length of, 60
wound healing assays, 55, 59
limitation of, 62
Continuum substrate methods
displacement of, 34
fibroblasts, 34-35
PDMS membrane, 35
reference-free continuum approach, 37
traction force assays, 35-36
Zero-force reference image, 36-37
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Contour models, see Cell adhesion
CTCs, see Circulating Tumor Cells
Cyclicolefin copolymer (COC), 84

D
Discrete models
active particle models, 73-75
confocal TFM, 37-38
physical and molecular elements, 38
pillar array, 37
vertex and voronoi models, 75-76
DNA damage, 126-127
Drosophila border cell migration, 106
Durotaxis, 89-90

E
Elastic model
compressional modulus, 61
contractile stresses, 59
displacement field, 61
in-plane force balance equation, 59
Lagrangian frame, 59
length of, 61
steady growth, 61
stress balance equation, 61
wound healing assays, 55, 59
Electrotaxis, 90-91
Endosomal sorting complex required for transport IIT
(ESCRT III), 124
Endothelial cells (ECs), 94, 95
Epithelial-mesenchymal transition (EMT), 6-7
Extracellular matrix (ECM), 70, 84-86, 107

F
Fibronectin (FN), 98
FITC-labeled fibronectin (FITC-FN), 96
Fluid model
contractile stresses, 59
Eulerian frame, 59
fluidization/stiffening cycles, 59
in-plane force balance equation, 59
intercellular stresses, 59—60
length of, 60
wound healing assays, 55, 59
Frenet-Serret frame, 15

G
Gastrulation, 107
Genome integrity, 127

H

Haemocyte dispersal, 107-108
Hamiltonian, 6

Haptotaxis, 88-89
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HepG?2 cells, 84

Heterogeneity of cell states, 106

Hill functional form, 50

Hirschsprung’s disease, 111

Human mesenchymal stem cells (hMSCs), 99
Human microvascular ECs (HMVECs), 99
Hydrophobicity, 84

I
Immature dendritic cells (iDCs), 95
Inner nuclear membrane (INM), 118
Invadopodia, 93
Invadosome formation

A549 cells, 98

architecture, patterning and schematic representation,

91,92
definition, 91
ECM degradation, 91, 92
endothelial cells, 98
experimental setups, 93, 94
fibronectin, 98
hMSCs, 99
HMVECs, 99
invadopodia, 93
in vivo environments, 93-95
macrophage-assisted cancer cells, 97
MT1-MMP-mediated proteolysis, 98
podosomes, 91
SH3PXD2A, 91
stiffness, 98-99
3D microenvironment, 97
transwell assays, 95
2D environments, 95-96

J

Jamming systems, 71-73

L

Lamin-A levels, 122

Lamina rupture, 127

Langevin equation, 68

Lateral line primordium (LLP), 109-110

Linear Kelvin-Voigt rheology, 49

Linker of Nucleoskeleton and Cytoskeleton (LINC),
118

M
Maxwell constitutive model, 52
Mechanical models
agent-based model, 2—4
cellular Potts model, 3, 6
elements, 2
factors, 2
migration modes and force patterns, 2
phase-field model, 3, 5-6
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sub-cellular-element model, 3—4
vertex model, 3-5
Voronoi model, 3-5
Mechanotaxis
durotaxis, 89-90
haptotaxis, 88-89
mechanosensing, 87
mechanotransduction, 87
plithotaxis, 90
Mesenchymal stem cells (MSCs), 123
Metastatic invasion, 112
Microcontact printing method, 96
Microfluidics
chemotaxis, 86—87
components, 80
ECM coating, 84-86
electrotaxis, 90-91
experimental advantages, 80
heterogeneity, 81
invadosome formation
A549 cells, 98
architecture, patterning and schematic
representation, 91, 92
definition, 91
ECM degradation, 91, 92
endothelial cells, 98
experimental setups, 93, 94
fibronectin, 98
hMSCs, 99
HMVECs, 99
invadopodia, 93
in vivo environments, 93-95
macrophage-assisted cancer cells, 97
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