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0.1. Abstract V

0.1 Abstract

Cell migration has two opposite faces; necessary for many physiological processes such as immune
response, it can also lead to the organism death by allowing metastatic cells to invade new organs. In

vivo migration often occurs in complex 3D environments which impose high cellular deformability.
Recently, the limit of cellular deformability during 3D migration has been shown to be limited by the
nucleus [Wolf 2013]. For instance, cell migration can be increased by decreasing nuclear stiffness.
However, below a given nuclear stiffness 3D cell migration can be reduced as a result of impaired cell
survival [Harada 2014]. Cancer cells which display slow migration and have rather stiff nuclei have
been shown to overcome the physical limits of 3D migration through adhesion combined to matrix
degradation or high actomyosin contraction [Wolf 2013]. Immune cells such as neutrophils which are
fast moving cells with soft nuclei have been reported to die at sites of infection. Interestingly, dendritic
cells function as antigen presenting cells requires high migratory ability as well as high survival. They
thus constitute an interesting model for studying nuclear deformation in fast moving and long lived
cells. During my PhD, I studied the mechanism by which dendritic cells deform their nuclei to achieve
proper migration in highly confining space while preserving a high survival rate. I used an original
micro fabricated experimental set up [Heuzé 2011] consisting of microchannels with constrictions
to mimic cellular transmigration. Those channels combined with genetic manipulation and live cell
imaging followed by image processing were used to assess the mechanism dendritic cells use to
deform their nucleus, which we found to be specific and not required for cell motility per se. I showed
that dendritic cells overcome the physical limitation imposed by nuclear deformation through small
gaps by nucleating an Arp2/3 based actin network around the nucleus. Surprisingly, the formation
of this actin network is independent of myosin II based contraction. This actin accumulation around
the nucleus co-localized with sites of nuclear Lamin A/C breakage. Moreover, Lamin A/C depletion
in dendritic cells leads to the disappearance of this actin ring and the release of the need for Arp2/3
for nuclear deformation. We thus propose a new mechanism of nuclear squeezing through narrow
gaps based on an Arp2/3 nucleated actin meshwork which, by transiently breaking the Lamin A/C
network, releases the nuclear surface tension and allows nuclear thus cell passage through micrometric
constrictions. Lamin A/C repolymerization around the nucleus at the exit of constrictions would then
restore nuclear stiffness, allowing cell survival. Interestingly, this actin accumulation around the
nucleus was also observed in vivo in migrating macrophages but not in HL-60 derived neutrophils.
Taken together, our data suggest that the Arp2/3 based nuclear squeezing mechanism would be a
general feature of highly migratory cells which need to survive long enough to accomplish their
functions.
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0.2 Foreword

Studying cell migration is necessary to have a minute understanding many physiological (e.g.
embryogenesis, immune response) but also pathological (e.g. metastasis formation) processes. If the
mechanisms of 2D cell migration have been extensively studied, only few models of cell migration
in complex 3D environments have been proposed. Emerging evidences point towards the idea that
well established mechanism such as the requirement of integrins based adhesion might not subsist in
3D environments. On the contrary, 3D environments by imposing new constrains (e.g. confinement)
might require specific mechanisms (e.g. cell deformation) which can be neglected when studying
cell migration on 2D substrates. Three components define cellular deformability: the cytoskeleton,
the plasma membrane and the nucleus. while the roles of the cytoskelon and the plasma membrane
in cell migration have already been addressed, the role of the nucleus in 3D cell migration is far
from being known. My PhD project thus sought to investigate the role of the nucleus in 3D cell
migration focusing on the mechanisms of nuclear deformation during immune cells migration under
confinement.

This thesis manuscript thus presents the research work performed during my PhD under the
supervision of Matthieu Piel at the UMR144 of the Curie Institute. It aims to pose the general context
of this project, the main results obtained during this PhD and discuss the contribution of these results
in the general context of 3D cell migration.

The first, introductory part of this thesis manuscript in composed of four chapters. In the first
chapter, I will introduce the broad subject of cell migration. Starting with a brief description of
the main in vivo events which require a minute control of cell migration, I will then illustrate the
importance of this process in immune response by describing the migratory route of immune cells
particularly dendritic cells. In the third chapter, I will introduce the physics of cell migration focusing
on the mechanical properties of the cell important for cell migration. This chapter will end with a
general review of the main models proposed for interstitial migration. In the fourth chapter, I will
introduce the role of the nucleus in cell migration focusing, again, on the role of nuclear mechanical
properties in this process. A last chapter presents the objectives of this PhD project.

In the second part of this manuscript, I will describe the main methods developed to address my
questions during this PhD. I will particularly focus on describing the constrictions based setup I used
to study nuclear deformation during immune cells migration under confinement.

In the results part of this manuscript, I will present the main results obtained during this PhD
in form of a manuscript in preparation for submission. A last section in this chapter will list the
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experiments I plan to perform before the submission.

In the last part of this manuscript, I will discussed the results presented in the manuscript in
preparation before proposing a general model of nuclear deformation during immune cells migration
under confinement. Toward the end, I will put the results obtained during my PhD in the broader
context of 3D migration focusing on the emerging direction of the role of nuclear deformation in cell
survival during 3D migration.
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Chapter 1

Migration: a multiscale process

Contents
1.1 Migration: a multiscales process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Cell migration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Cell migration in health and disease . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1 Migration: a multiscales process

"Migration" originates from the latin verb migrare which means "moving/going away". It is a mul-
tistep biological process which consists of the displacement of organisms from an original location
to a new one. This type of displacement occurs through different mechanisms that include walking,
swimming, flying, drifting [DINGLE 2007] and is a well conserved capacity through different species
ranging from prokaryotes (bacterias) to animals (Human, Birds, Fish).
Migration can occur at the individual as well as at the population level [DINGLE 2007]. We can talk
about individual migration when, for example, young birds migrate "away from their parents to avoid

competition and inbreeding" [DINGLE 2007]. An example of population migration is the general
displacement of refugees during a war.
The term migration often implies the existence of either an internal of external cue. Many cues can
lead to organism migration but the most recurrent ones are:

1. Change in local food availability

2. Climat changes

3. Reproduction

4. Safety

These four majors cues, all related to organism survival define a pattern of migration. Organisms
can, for example, display periodic patterns such as the one observed in birds caused by seasonal
availability of food in different regions.
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Migration, which can thus be "recognized to be an adaptation driven by the transitory availability

and changing location of resources." [DINGLE 2007] is a multiscale process that occurs at molecular,
cellular and multicellular scales. Its profound understanding requires studies at each of those scales.
During my PhD, I was interested in cell migration which can be seen as the mesoscale of the migration
process.

1.2 Cell migration

One proposed definition of cell migration is cellular displacement toward chemical and/or physical
cues. Cell migration is a fundamental process in different aspects of the organism generation and
survival. It is indeed necessary for embryogenesis as well as morphogenesis. In an adult organism, it
is required to maintain tissues homeostasis and for a proper immune response.
Cell migration can also participate to our death. When deregulated, it can lead to catastrophic con-
sequences such as chronic inflammation, virus and bacterial infection, mental retardation, cancer for-
mation and dissemination [Vicente-Manzanares 2005]. Dissecting the mechanisms underlying this
process is then necessary for developing therapies against migration related disorders such as metas-
tasis.

1.2.1 Cell migration in health and disease

1.2.1.1 Cell migration during embryogenesis

Embryogenesis is a multisteps process which leads to the formation of a multicellular organism com-
posed of specialized tissues and organs. This fundamental process starts with the fertilization of an
ovum by a sperm followed by a stage of intensive cleavages of the zygote before entering a gastrula-
tion phase. Embryonic cell migration starts at gastrulation when epiblast cells migrate to reorganize
themselves. This reorganization leads to the generation of the primary germ layers: the ectoderm,
mesoderm and endoderm [Kurosaka 2008].
Each of those three layers will give rise to specific organs. The ectoderm will indeed generate the
skin and nervous system, the mesoderm will generate muscle, respiratory system, the heart and bones
while the endoderm will give rise the digestive truck. This morphogenesis process occurs through
cycles of growth, division and migration of cells.
Although cell migration occurs during the whole embryogenesis, it is possible define two main post
gastrulation migration periods: the early and the late embryonic migration. The early embryonic
migration includes the migration of neural crest cells, of primordial germ cells and to some extend,
the positioning of the blood cell precursors to the bone marrow and the fetal liver [Kurosaka 2008].
The late embryonic migration include neuronal migration during neuritogenesis [Flynn 2013] and en-
dothelial cell migration during angiogenesis ([Schuermann 2014],[Kurosaka 2008]). To give a more
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Figure 1.1: "Timing of the major migratory events in mouse embryogenesis in relation to the
embryo growth. Letters and numbers on the top denote days postcoitum. 1mm scale bar of the same
size is shown next to each embryo to enable the direct size comparison. Boxed image showed an
enlargement of the gastrula shown above. The major migratory events corresponding to those shown
in Table 1 are written for the appropriate stages underneath." From [Kurosaka 2008]

precise idea of how important migration is during development, I will describe the migration of neural
crest cells lineage as they dominate early embryonic migration.

1.2.1.1.1 Neural crest cells migration: Neural crest cells originate at the interface between the
neural plate and the embryonic ectoderm. They are the embryonic precursors of neurons and glia
of the peripheral nervous system, and of pigment cells and connective tissues in the face, neck and
heart[Tucker 2004]. Neural crest cells are classified according to their migratory routes (origin and
destination) inside the embryo. Indeed, cranial and cardiac neural crest cells originate from the head
and neck region of the embryo. They both migrate from their origin to give rise to tissues necessary for
the face generation (cartilage, bone, cranial neurons, glia, connective tissue of the face, thyroid, teeth,
bones of the middle ear, and jaw ...) ([Kurosaka 2008],[Trainor 2005]) or for heart formation (cardiac
outflow, heart septae and parts of the ventricular myocardium) ([Kurosaka 2008], [Hutson 2007]).
"Vagal and sacral neural crest cells migrate from two opposite sides to populate the gastrointestinal
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Figure 1.2: "Pathways of neural crest migration, neuritogenesis, and angiogenesis during mouse
developmentNeural crest cells (left) generally migrate from the back area of the embryo, originating
from different somite regions at the different embryonic stages. Large green arrows in the head area
denote cranial neural crest, blue arrow ( cardiac neural crest), black (vagal neural crest), orange arrow
(secral neural crest) and thin red arrows (trunck neural crest). Neurites and blood vessels sprout from
the structures laid out during earlier stages of development and reach to all the areas of the mature
organism along the pathways illustrated on the right hand image. Illustrations were prepared by O.
Karengina based on an image of a mouse embryo at E13.5." From [Kurosaka 2008]

system and differentiate into the neurons that innervate the digestive tract" [Kurosaka 2008] while the
"Trunk neural crest cells migrate from the back of the embryo to form sensory and sympathetic neu-

rons, adrenal gland, Schwann cells, and pigment cells of the skin"([Kurosaka 2008], [Hutson 2007]).
Neural crest cell migration is thus a fundamental process in embryogenesis and morphogenesis.

1.2.1.2 Cell migration to maintain tissue homeostasis

Homeostasis is a property of a system to react and adapt in order to maintain some parameters con-
stant/stationary. Temperature is, for example, a tightly regulated parameter in many organisms. This
property is recurrent to most of the biological systems and plays a crucial role in organism develop-
ment and survival.
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Tissue homeostasis is maintained in multicellular organism through various processes including cel-
lular division, growth, control of metabolic function and also control of cell migration. For instance,
after a wound, the organism will deploy a set of machineries to repair the tissue. Cell migration is one
of those machineries; it is used to fill the newly created free space.
Wound healing is, to my knowledge, the most well studied biological process related to cell migra-
tion for the maintenance of tissue homeostasis. In the following paragraph I will briefly describe the
wound healing process in order to point out the importance of cell migration in tissue homeostasis.

1.2.1.2.1 Cell migration during wound healing Wound healing is a natural biological process
which starts after a scar formation on an organ. This process occurs in four tightly regulated phases:
homeostasis, inflammation, proliferation and remodeling ([Guo 2010], [Rs 1993]).
During the first homeostasis phase, the organism reacts to the scar by tightening the blood vessels
around the wound to avoid blood flow. The wound will then be isolated from the external environ-
ment by platelet accumulation and fibrin clot formation.[Guo 2010]
After wound isolation, starts the second phase with the release of the blood vessels allowing leuko-
cytes migration from the blood stream to the cite of injury [Rs 1993].
The proliferation phase is characterized by epithelial cell growth, division and migration, angiogene-
sis as well as extracellular matrix synthesis [Guo 2010].
The final remodeling phase consists of the reduction of the vascular density in the wound region fol-
lowed by the remodelling of the extracellular matrix. The wound region returns to it’s original state.
This phase can last for years ([Guo 2010], [Rs 1993]).
The spatial and temporal regulation of each of the wound healing phases is necessary for a proper
wound closure and the maintenance of tissue homeostasis.
Cell migration is crucial in two of the wound healing phase: the inflammatory and the proliferation
phases. Indeed, the right achievement of the inflammatory phase requires leukocytes migration from
the blood vessels to the site of injury while the closure of the wound require epithelial cell migration.
Thus, the deregulation of cell migration can lead to a delay or failure of the wound healing process.
This can induce catastrophic consequences such as viral/bacterial infection or chronic wound.

1.2.1.3 Metastasis formation: when cell migration goes out of control

Cancer is one of the leading cause of death in the world with 8.2 millions of deaths, 14.1 millions new
cases and 32.6 million people living with cancer in 2012 (Sources from World Health Organization).
It is a common term for a group of diseases which can arise in different parts of the body and could
require different treatments. One defining characteristic of cancerous cells is a rapid and uncontrolled
burst of cell growth and proliferation which leads to tumor formation. Metastasis occurs when some
cancer cells manage to escape from the primary tumor and colonize a new organ. Even though
the triggering event which leads to metastasis formation is not well understood yet, five phases are
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conserved during all metastasis formations: local invasion, intravasation, survival in the circulatory
system, extravasation and colonization [Nguyen 2009]. Each of those phases requires cell migration.
Because metastasis is the primary cause of cancer induced death, it is one of the most well studied
case of the effect of cell migration deregulation.

1.2.1.3.1 Some history: Cancer has always been part of the human history. Indeed, some papyrus
from the ancient Egypt (The Edwin Smith Papyrus, 3000 BC) was already describing tumors. The
term "Cancer" is the latin translation from the Roman physician, Celsus (28-50BC) of the greek word
carcinos credited to Hippocrates (460-370 BC). Cancer is the latin word for crab "most likely applied

to the disease because the finger-like spreading projections from a cancer called to mind the shape of

a crab" (source from the American cancer society).
If the idea of invasion is already in the description of cancer, it is only in the first millennium that
the term invasion arises with Avicenna (980-1037) who noticed that the tumor invades and destroys
neighboring cells.
The term metastasis appears only after the eighteen century thanks to the development of microscopy.
Indeed, in series of publication between 1871 and 1874, the English surgeon Campbell de Morgan
rationally argued "that cancer arise locally then spread first to the lymph nodes then further afield"

[Grange 2002].
Nearly three centuries after its discovery, crucial questions about metastasis formation remain to be
elucidated. What trigger metastasis? Why do some tumors metastasize and others don’t? Why do
different tumors metastasize in the same organs? What defines the colonization of one organ instead
of another? and more importantly, what makes a "regular" cancer cell become a metastatic cell?
These are some of the main questions which need to be answered in order to control metastasis.
As all metastasis share a common feature of migration, I will describe in the following paragraphs
some aspect of cell migration that are known to be important for metastasis formation.

1.2.1.3.2 Cancer cell migration: One of the most accepted idea of metastasis formation is that a
cell will detach from the main tumor after loosening it’s cell-cell adhesion, migrate toward the circu-
latory system, extravagate then invade a new organ. All this process occurs at the single cell level,
and thus requires single cell migration. It is triggered by a process called epithelial to mesenchimal
transition (EMT). EMT is a process that is also describe in development when epithelial cells start
loosening their cell-cell adhesion then migrate to form new organs (Neural crest cells lineage forma-
tion [Nakaya 2013]). A more recent idea of metastasis formation is that it can not only occur at as
a single cell migration process but also through a collective cell migration. Collective cell migration
is a process by which a group of cells will migrate keeping the contact between them. During such
migration, cell-cell adhesion maintain supracellular properties and cells move as sheets, strands, clus-
ters or ducts [Friedl 2009a]. Both migration phenotypes are now well accepted to be used by cancer
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cells to invade and metastasize. The choice of the migration phenotype is though to be determined
by the stroma. The biochemical and physical properties of the extracellular environment was pro-
posed to determine the type of motion single metastatic cells or collectively migrating cells will adopt
[Friedl 2011]. Plasticity in the migratory mechanisms make metastasis hard to predict and to control.
Whatever the extracellular properties are, cancer cells will adapt to it and keep migrating forward
[Friedl 2010].
Because it is not the purpose of this thesis, I will not talk further about cancer cell migration. However,
because single cancer cell migration shares many features with leukocytes migration, I will discuss
later the mechanism of migration described for cancer cells (3.4).
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Figure 1.3 (facing page): "Modes of cell movement implicated in cancer invasion and metastasis.
Single-cell and collective cell migration can be further partitioned based on the specific cell-cell
junctions, contractility of the cytoskeleton, and the turnover of cell attachments to the extracellular
matrix (ECM). These modes of migration can be unstable and change upon alterations of cell-cell
interactions, cell-ECM adhesion, or cytoskeleton contractility, resulting in intermediate phenotypes."
From [Friedl 2011]
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Cell migration is a central and crucial phase of an immune response. Indeed, because infection
can occur anywhere at any time in an organism, the defense mechanism has to be omnipresent and
dynamic. Without migration, any local injury would have to be overcome by cells that are already
present in the area. Local cells would have to for example produce toxins or engulf the invader in
order to kill it. Even though this strategy could work to a certain extend, one can then wonder if this
strategy would resist to a high invasion. Another risk would be that invaders develop a resistance to
such specific toxins as already seen in bacteria. Many organism have developed an immune system
and vertebrate went even further by developing two: the innate and the adaptive immune systems.
Both of those immune strategies rely on cell migration. In the following paragraph, I will give an
overview of the immune system in vertebrates, describe the keys players before focusing on dendritic
cells which are at the interface between innate and adaptive immune response.
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2.1 Introduction to the immune system

The immune system represents a set of organs, and processes used by organisms to defend themselves
against external invasion. It is thus a fundamental system in the protection of organisms against
diseases.

2.1.0.4 Some history:

One of the oldest reference to immunity comes from Thucydides’s text where he described that the
survivors of the Athenian epidemic (430-426 BC) developed at least partial immunity [Retief 1998].
But it is only in the late nineteenth centurie that the existence of an immune system was proven by
Ilya Mechnikov and Paul Ehrlich, the receivers of the Nobel prize in Physiology or Medicine in 1908.
Hopefully, scientists did not wait for understanding the immune system to use it for preventing infec-
tion. Indeed, already in the eleventh centurie, Chinese were practicing variolation to get immunized
against smallpox [Plotkin 2005]. Height centuries later (1880), Louis Pasteur, working on chicken
cholera, showed that pathogens could be attenuated using environmental cues such as temperature or
chemicals. Furthermore infection of an organism by such attenuated pathogens confers a resistance
against the same, less attenuated (normal), pathogens [Plotkin 2005]; this was the starting point of
vaccination.
The discovery of vaccination had opened the question of how an organism deals with pathogens. The
initial idea of Louis Pasteur based on a differential biochemical environment that would permit or not
the survival of pathogens in hosts was abandoned after the discovery of pathogens in the blood of
immunized hosts (Source from the Nobel lecture of Ilya Mechnikov).
Ilya Mechnikov and coworkers, while working on the origin of the digestive organs in animals, ob-
served that some moving cells that are not part of the digestive system were able to sort foreign
bodies. Years later, he defined those cells as phagocytes (devouring cells) which posses the phago-
cytosis function. Phagocytes would, anytime that the organism face infection, move to the site of
infection to devour and destroy the pathogens by phagocytosis. This was the beginning of the under-
standing of the innate immunity (Source from the Nobel lecture of Ilya Mechnikov).
If Mechnikov discoveries nicely explained how a host reacts to pathogen infection, the question which
still remained was why and how hosts develop resistance to pathogens? Important elements of an-
swers came from the work of Emil von Behring and Paul Ehrlich.
Behring, showed that the " Blood fluid - or blood serum - from an individual who has been immu-

nized with poisons from a certain bacterium, can, namely, when introduced into the organs of another

individual, confer resistance upon him against the bacterium in question" (Source from the Nobel lec-

ture of Ilya Mechnikov). This introduced the idea that upon infection, individuals produce chemicals
to fight again toxins produced by the pathogen. Those chemicals where named antitoxins. Ehrlich
brought the idea of an antigen (toxin) and antibodies (antitoxin) that would fit to each other like a
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lock and a key. Those works are the precursors of our actual understanding of the adaptive immune
response.

2.2 The immune system

As said earlier, the immune system consist a set of process and organs used by organisms to resist to
pathogen invasion. This protection is set through different layers of defense. The first protective layer
is the epidermis which confers a physical and also chemical barrier to invaders. Pathogens which
manage to cross this first barrier will face the innate immunity in plants and animal. In vertebrates, a
second layer of defense which consist of the adaptive immunity will arise after the innate immunity.
In the coming sections, I will briefly describe the innate and adaptive immunity of vertebrates.

2.2.1 Innate immunity

In an healthy individual, pathogens will first encounter the innate immune system before the adaptive
immunity is "called to help"[Alberts 2007, p. 1524]. For example, in the process of wound healing,
the innate immune response occurs within hours right after the wound isolation. This fast reaction is
one of the characteristics of the innate immunity and is required to prevent any infection as pathogens
such as bacterias have a very fast cell division cycle. The innate immunity, contrary to the adaptive
one, is common to all types of pathogens. The innate immune system consists of 3 lines of defenses
[Alberts 2007, p. 1524]:

1. The epidermis and other epithelial surfaces such as the one covering the respiratory, digestive
and urinary tracks which provide a physical barer to invasion. A mucus layer covering those
surfaces and containing substances such as defensins will prevent the entrance of pathogens to
sterile regions of the organism.

2. The epithelial barer where epithelial cells can engulf microorganisms and direct them to specific
compartments such as lysosomes where they will be degraded. In addition, epithelial cells as
well as any other eukaryotic cells have the ability to degrade double stranded-RNA, a hallmark
of viral replication.

3. The phagocytes kill pathogens by engulfing and devouring them.

The two first lines of innate immunity are shared among plants and animal while the third one is
specific to animal cells. It is thus really interesting to note the requirement for cell migration in the
third line of innate immunity but not in the two first ones.
Indeed, the phagocytes are highly motile immune cells. Their motile capability allows them to patrol
the whole organism and display a fast reaction to any injury. Four different cell types orchestrate
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the innate immune response: macrophages, neutrophils, natural killer cells and dendritic cells. All
descendent of the hematopoietic lineage (see figure 2.1), they work in tight cooperation to defend
the organism. Phagocytes detect their pray using a common receptor, the germline-encoded pattern-
recognition receptors (PRRs) [Akira 2006]. The PPRs recognize microbial components essential for
pathogen’s survival: the pathogen-associated molecular patterns (PAMPs). Examples of PAMPs are
components of bacterial cell wall as well as viral envelope proteins or bacterial DNA. Part of the main
PRRs are the Toll-Like receptors which are well conserved from plants to mammals. The binding of
a PAMP to a PRR leads to the phagocytosis of the pathogen and also to the activation of many genes
responsible for the innate immune response [Alberts 2007, p. 1528]. In the following section, I will
give an overview of each of those cells.

2.2.2 Motiles cells in innate immunity

The macrophage, neutrophils, natural killer and dendritic cells are at the first line of the innate immune
response. Indeed, upon invasion, those cells will move towards the site of infection to kill pathogens
as well as infected cells. In vertebrate, the movement of those cells, particularly dendritic cells, is
also essential to activate the adaptive immune response.

2.2.2.1 Macrophages: the long lived cells

In vertebrates, macrophages are the cells that first encounter invaders. They are indeed living in
tissues all around the body with a particular concentration in sites where infection has a higher prob-
ability to occur: connective tissues, liver, spleen. They are rapidly recruited to site of infection where
they will display a set of machineries to phagocyte and kill pathogens. Their activation at sites of
infection, leads to the production of cytokines that can activate other phagocytic cells such as neu-
trophils but also triggers fever which by rising the body temperature inhibit the growth of pathogens.
Macrophages often survive their first encounter with pathogens, they then keep patrolling the body
waiting for the next invasion. They are thus the most long lived cells among the ones involved in
innate immunity.(Adapted from [Alberts 2007])

2.2.2.2 Neutrophils: the short lived cells

Neutrophils are usually present in the blood stream and are rapidly recruited to sites of infection
by activated macrophages, by molecules specific to the pathogens such as the formylmethionine-
containing peptides or "by peptides fragments from the complement components" [Alberts 2007, p.
1528]. They are highly phagocytic cells which will usually die at the site of infection. As they are
short lived cells, they can use their own DNA as nets to trap pathogens [Alberts 2007, p. 1532].
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2.2.2.3 The natural killers cells

Natural killer cells target virus infected cells and trigger their apoptosis. They recognize infected cells
through their levels of expression of a class of proteins called the Major Histocompatibility Complex
(MHC) of class I. Indeed, many viral infections lead to the down regulation of the MHC class I as
those proteins are used to present antigen to cytotoxic T lymphocytes during the adaptive immune
response (see 2.2.3.1). By lowering the amount of MHC class I, viruses escape from the cytotoxic T
cells but are then detected by natural killer cells. The apoptosis pathway will be activated in infected
cells before viral replication [Alberts 2007, p. 1536].

2.2.2.4 Dendritic cells at the interface between innate and adaptive immunity

Dendritic cells are also phagocitic cells with a large variety of PRRs which allows them to detect a
wide variety of pathogens. Once they encounter a pathogen, they will cleave it into peptide fragments
which will be presented at their surface with MHC proteins. They will then carry such complexes
toward the nearby lymphoid organ where they activate T cells. This will trigger the adaptive immune
response. Dendritic cells are thus essential linkers between the innate and the adaptive immunity.
(Adapted from [Alberts 2007])

2.2.3 Adaptive immunity

The adaptive immunity also called acquired immunity arose 500 millions year ago in vertebrates.
While the innate immunity displays a common mechanism to fight against pathogens, the response
gets more sophisticated and specific when the adaptive immune system comes to play. This highly
specific response is carried out by Lymphocytes: the T and B lymphocytes.
Upon infection, activated dendritic cells migrate towards the nearest lymphoid organ where they ac-
tivate T cells. T Cells activation occurs after the recognition of the antigen presented on the MHC
proteins of the dendritic cells associated to some co-stimulatory molecules. This will lead to the on-
set of the migration of some T cells towards the sites of infection where they will participate to the
destruction of pathogens and infected cells.
Other dendritic cells activated T cells will remain in the lymphoid organ where they will keep den-
dritic cells active in order to activate more T cells and help activating B lymphocytes which will
produce antibodies against the pathogen. The adaptive immune response is then displayed in two
phase: the humoral immunity based on B cells antibody production and the cell-mediated immunity
based on T lymphocytes. In the following paragraph, I will describe the keys players of the adap-
tive immune response: the T and B lymphocytes. Even though they derive from the same common
lymphoid progenitor cells (see figure 2.1), they display specific feature in their fight against infection.
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Figure 2.1: "The hierarchy of hematopoietic cells. Hematopoietic Stem Cells (HSCs). LT-
HSC, long-term repopulating HSC; ST-HSC, short-term repopulating HSC; MPP, multipotent pro-
genitor; CMP, common myeloid progenitor; CLP, common lymphoid progenitor; MEP, megakary-
ocyte/erythroid progenitor; GMP, granulocyte-macrophage progenitor. The encircled pluripotent pop-
ulation, LT-HSC, ST-HSC and MPP are Lin−, S ca − 1+, c − kit+ as shown." From [Larsson 2005]
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2.2.3.1 The T lymphocytes

T cells develop from the lymphoid progenitor cells that migrate from the hematopoietic tissues to the
thymus via the blood. After a set of selections for their affinity and specificity to antigen presenting
cells, they leave the thymus as CD8+ or CD4+ T cells to migrate towards the peripheral lymphoid
organs: the lymph nodes, spleen and epithelial associated lymphoid tissues in the digestive/respiratory
tract as well as the skin. Their activation by dendritic cells occurs in these peripheral lymphoid organs
and leads to their proliferation and maturation to effectors T cells. Three main classes of effectors T
cells are described:

1. Cytotoxic T cells migrate to the site of infection to directly induce the apoptosis of infected
cells.

2. Helper T cells stimulate the responses of other cells. They, for example, help to the stimulation
of B cells for the production of antibodies.

3. Regulatory T cells suppress the activity of dendritic cells, cytotoxic and helper T cells. They
play a crucial role in preventing the adaptive immune response from damaging host tissues.

T lymphocytes activity is thus tightly coupled to cell migration. Indeed, their activation relies on their
specific interaction with dendritic cells which then implies first T cells migration from the thymus
to the peripheral lymphoid organs and second dendritic cells migration towards the same organs. In
addition, effector T cells action relies on their interaction with infected cells or other antigen present-
ing cells which then implies T cells migration towards the site of infection. Thus cell migration is
necessary for T cells response.

2.2.3.2 The B lymphocytes

B lymphocytes are the main mediator to the humoral immunity. They develop from the lymphoid pro-
genitor cells directly in the hematopoietic tissues (liver in fetuses, bone marrow in adults). Similarly
to T cells, B cells are also controlled for auto-reactivity. Indeed, B cells with B cell receptors that
bind too strongly to the host antigen will not mature. If they succeed at the central tolerance selection
(control for tolerance in the bone marrow), mature B cells will then be released in the circulatory sys-
tem before reaching the peripheral lymphoid organs. In those peripheral lymphoid organs, activation
by an antigen give rise to effectors B cells which will secrete antibodies specific to the antigen they
have been activated with.
Contrary to T cells, the action of B cells does not rely on cell migration. Although their activation
requires migration of the antigen presenting cells, their action relies mostly on the diffusion transport
of the produced antigen towards the sites of infection.
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2.2.3.3 Generation of memory

One specificity of the adaptive immunity is its ability to generate memory. Indeed, upon activation
of B or T lymphocytes, most of the mature cells give rise to effector cells, but a subset differentiates
into memory cells. Those memory cells will then induce a faster reaction of the organism in case of a
second infection.

2.3 Dendritic cells

Dendritic cells derive from the hematopoietic lineage. Despite the absence of a DC-specific pheno-
typic marker and the lack of-identification of a DC precursor in the bone marrow, all DCs share the
common feature of being able to activate T cells [Merad 2013]. Dendritic cells are usually classified
in 4 subgroups (See figure 2.2):

1. The langerhans cells which populate the epidermal layer of the skin have been first described
in 1868 by Paul Langerhans who associated them to neuronal cells. Under homeostatic con-
ditions, they continuously move to patrol their environment and upon infection, they become
immobile and start engulfing parasites using their large and dynamic dendrites [Ng 2008]. One
characteristic of langerhans cells is the presence of granules called Birbeck granules.

2. The classical dendritic cells which have been first describe in 1973 by Steinman and cohn
[Steinman 1974]. This subset can be divided in two part: the lymphoid resident and the non-
lymphoid resident classical dendritic cells. The lymphoid resident dendritic cells populate lym-
phoid organs such as the spleen and the thymus and are though to participate to the establish-
ment of immune tolerance in T cells. The nonlymphoid resident dendritic cells are the one that
would be sampling the tissues and would migrate towards the lymphoid organs after detection
of a danger signal.

3. The plasmocytoid dendritic cells which have a characteristic low level of expression of the MHC
class II proteins as well as co-stimulatory proteins and PRRs [Merad 2013]. Their role seems to
be specific to viral infection as upon recognition of foreign nucleid acid, "they produce massive
amount of type I interferon and acquire the ability to present foreign antigens" [Merad 2013].

4. The monocyte derived dendritic cells are dendritic cells which are differentiated from mono-
cytes during an inflammation [Geissmann 2010].

As said earlier, dendritic cells are at the interface between innate and adaptive immunity. Indeed,
naive T cells activation requires it’s direct interaction with dendritic cells. Their crucial role in T cell
activation requires different events. The immature dendritic cells must be able to engulfs the pathogen,
to degrade it, to present it at their surface, to migrate then present the antigen to the T cells. This
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Figure 2.2: "Pathways of human dendritic cell development. These pathways were deduced from
culture studies. Some dendritic cell lineages progress to a mature but quiescent state under the influ-
ence of cytokines alone, requiring exogenous stimuli only for full activation. Other dendritic cell lin-
eages, however, probably remain at a precursor state in an uninfected individual, because they require
stimulation by microbial products to produce mature dendritic cells. CLA for cutaneous lymphocyte-
associated antigen; IPC for interferon-producing cell; pDC for presursor of dendritic cells." From
[Shortman 2002]
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succession of events requires the ability of the cell to process the information (pathogen detection and
processing), and to move efficiently (environment sampling, migration towards the T cells regions) in
order to transmit the information. In the following section, I will describe two important features of
dendritic cells : their antigen uptake ability and their migratory ability.

2.3.1 Antigen uptake in dendritic cells

Antigen uptake is a fundamental process in the accomplishment of dendritic cells task during immune
response. Indeed, its role as an antigen presenting cell requires the ability to engulf pathogens and
present antigens at its surface. Different modes of antigen uptake have been describe in dendritic cells.
According to the size of the element to internalize, the cell will perform either phagocytosis, endocy-
tosis or, macropynocytosis. Indeed, particles bigger than 0.5mm will be internalized by phagocytosis
while smaller particles will be internalized by endocytosis through specific receptors/cargo interac-
tion. Macropanocytosis is used to internalize fluid, it does not requires receptor/cargo interaction
which makes it unspecific.
After internalization, two routes can be taken by the particle. In the first case, the particle will be

released from endosomes to the cytoplasm where it will be cleaved into small peptides before being
transported towards the endoplasmic reticulum by the ABC transporter where it will bind to the MHC
class I molecules [Alberts 2007, p. 1583]. In the second case, the particle will be released from the
early endosome to the late endosome where it will be joined by the complex MHC class II/Invarian
chain. The release of the invarian chain from the MHC class II allows its binding to the particle. The
MHC/particle complex is then targeted to the plasma membrane where it will be recognize by the T
lymphocyte. Note that the MHC class I is recognized by the cytotoxic T cells while the MHC class II
is recognized by the Helper T cells [Alberts 2007, p. 1584]. The dendritic cell , by activating different
subset of effector T cells will then define the type of adaptive immune response that will be displayed
by the host.
The interaction between T cells and dendritic cells should lead to the activation of the T cell only if
the dendritic cell is activated. Indeed, if the dendritic cell has not been activated, the activation of the
T cell triggers apostosis. The activation of dendritic cells is thus an important process in the adaptive
immune response.

2.3.2 From an immature to a mature state

Upon recognition of a so called "danger signal", the immature dendritic cell enters a differentiation
process to become a mature dendritic cells. A global set of particles including PAMPs, cytokines pro-
duced by macrophages or neutrophiles can be recognized as danger signal [Reis e Sousa 2004]. The
maturation of dendritic cells leads to the up-regulation of MHC-peptide complexes and co-stimulatory
proteins as well as the production of immunomodulatory cytokines, all this has a major role in T cell



2.3. Dendritic cells 23

Figure 2.3: "Pathways of entry into cells. Large particles can be taken up by phagocytosis, whereas
fluid uptake occurs by macropinocytosis. Both processes appear to be triggered by and are depen-
dent on actin-mediated remodeling of the plasma membrane at a large scale. Compared with the
other endocytic pathways, the size of the vesicles formed by phagocytosis and macropinocytosis is
much larger. Numerous cargoes can be endocytosed by mechanisms that are independent of the coat
protein clathrin and the fission GTPase, dynamin. Most internalized cargoes are delivered to the
early endosome via vesicular (clathrin- or caveolin-coated vesicles) or tubular intermediates (known
as clathrin- and dynamin independent carriers (CLICs)) that are derived from the plasma membrane.
Some pathways may first traffic to intermediate compartments, such as the caveosome or glycosyl
phosphatidylinositol-anchored protein enriched early endosomal compartments (GEEC), en route to
the early endosome." Adapted from [Mayor 2007]



24 Chapter 2. Cell migration in the context of the immune response

activation and differentiation. Another aspect of dendritic cells maturation is their upregulation of
a chemokine receptor (CCR7) which through binding to the ligands CCL21, CCL19 directs mature
dendritic cell migration towards the nearest lymphoid organs through the afferent lymphatic vessels
[Weber 2013].

2.3.3 Dendritic cells migratory routes

From their birth until their death, migration is an intrinsic feature of dendritic cells. Hematopoietic
stem and progenitor cells in the bone marrow give rise to many dendritic cells precursors including
monocytes. Those precursors migrate from the bone marrow to the tissue or secondary lymphoid
organs via the blood ([Alvarez 2008], [Geissmann 2010]). Fully differentiated dendritic cells are
found in:

• tissues where they perform their role as sentinels. They accomplish their role by moving around
and internalizing particles that will be processed for presentation.

• the blood stream from where they are recruited during inflammation or renewal of the tissue
patrolling dendritic cells.

• secondary lymphoid organs such as the thymus where they performs their task in immature T
cells selection.

Upon activation, mature dendritic cells migrate from the site of infection to the lymph node via the
afferent lymphatic vessels.
The good performance of each of the cited task requires the ability of fully differentiated immature
or mature dendritic cells to migrate as single cells in highly confining spaces such as peripheral
tissues or lymphoid organs where the high density of cells and extracellular material imposes a high
confinement. The success of dendritic cells migration then relies not only on chemical gradients but
also on the cell as well as on the physical properties of the extracellular environment. The study of
dendritic cell migration must then be put in the context of the physics of cell migration.
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The physics of cell migration
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The study of the physics of cell migration raises two main questions:

1. How can a biological system such as a cell self organize and produce motion?

2. How is this motion modified by the physical landscape of the extracellular environment?

Answering to the first question requires to understand how a cell transfers its chemical energy to
mechanical energy. While understanding the dynamic interaction between cells and extracellular en-
vironment can allow to answer to the second question. In both cases, it is important to understand
the intrinsic physical properties of the cell as well as the extracellular space. Whole cell mechanics
is the most well studied physical property of a migrating cell. Many techniques, ranging from mi-
cropipette aspiration to optical cell stretcher, have been developed to probe the cellular mechanical
properties. We thus, begin to have a good understanding of this fundamental parameter of the cell. In
the following sections, I will review our current knowledge on cell mechanics before describing some
extracellular physical properties which can influence cell migration.

3.1 Cell mechanics in migration

At first glance, cells mechanical properties can seem contradictory. For instance, cells can maintain
their shape under mechanical stresses (Leukocytes under flow), like solids, but also undergo reversible
deformations (leukocytes during transmigration) like liquids [Starodubtseva 2011]. This fine tuning is
possible through the remodeling of cellular components. A cell can be seen as a set of bio-polymers,
organelles and proteins in an aqueous solution separated by a membrane from the extracellular space.
Its mechanical properties are thus the result of the mechanical behavior of those components which
comprise the plasma membrane, the cytosol, some big organelles such as the nucleus and the cy-
toskeleton ([Starodubtseva 2011], [Abu Shah 2013]).

3.1.1 The cytoskeleton as a load bearing structure

The cytoskeleton is a three dimensions network made of bio-polymers. Mechanical loads applied
on the cell are supposed to be held by the cytoskeleton. As for other networks of bio-polymer, any
deformation leads to a certain loss of energy in the form of heat [Starodubtseva 2011]. Therefore, the
cytoskeleton is often described as a viscoelastic material meaning that it exhibits both elastic as well
as viscous properties when it undergoes deformations.
Elasticity is a measure of the capacity of an object to come back to its original shape after defor-
mation. The main elastic modulii used for the definition of cellular mechanical properties are the
tensile modulus (Young’s modulus E), the shear modulus (G), the bulk modulus (K) and the bending
modulus (κ). The tensile modulus defines the response of an object under uniaxial tension while the
bulk modulus describes the object deformation under compression. The bending modulus defines the
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Figure 3.1: " Main elastic modulii Schematics showing the direction of the applied stress in sev-
eral common measurements of mechanical properties; the light gray shape, indicating the sample
after deformation, is overlaid onto the black shape, indicating the sample before deformation. The
Young’s modulus, or tensile elasticity, is the deformation in response to an applied tension whereas
the bulk (compressional) modulus measures material response to compression. The bending modulus
measures resistance to bending of a rod along its length and, finally, the shear modulus measures the
response of a material to a shear deformation." From [Gardel 2008]

object resistance to bending along its length and the shear modulus sets the response of an object
to a shear stress (illustrated in figure 3.1). Until now, most of the mechanical measurements of the
cytoskeleton have focused on the shear elastic and on the shear viscous modulii. The shear elastic
modulus measures how mechanical energy is store while the shear viscous modulus measures the
dissipation of mechanical energy in a system. They are usually determined by the relation between
the applied stress and the resulting strain. The cell contains three types of bio-polymers: actin fila-
ments, microtubules and intermediate filaments. Their organization, dynamics and interaction plays
an important role in the mechanical properties of a cell. In the following paragraph, I will describe
the mechanical properties of those bio-polymers with a main focus on the actin cytoskeleton which
has been at the heart of my PhD work.

3.1.1.1 The actin cytoskeleton

Actin is the most abundant protein in a cell where it can exist at as high concentration as 300 µM

[Blanchoin 2014]. In most eukaryotic cells, globular monomeric actin (G-actin) assembles into
dimers before polymerizing with a helical arrangement of the monomers [Pollard 2009] to form 5nm

diameter filaments (F-actin) [Gardel 2008]. F-actin is a polar filament as actin subunits in the filament
are oriented towards the same direction. It also has a fast growing end, the barbed end in opposition
to the pointed end which elongates much slower [Pollard 2009]. ATP-G-actin dimers are added at
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the barbed end, ATP is then hydrolyzed and releases a phosphate. ADP-G-actin is removed from the
pointed end of the filament leading to depolymerization of the F-actin. ADP in the ADP-G-actin is
exchanged for ATP making the G-actin available for another round of polymerization [Baum 2005].
F-actin length is regulated by capping proteins which through their binding to either the barbed or
pointed end, prevent the adding or removal of G-actin. Severing proteins such as ADF/Cofilin, cleave
actin filaments thus stopping the filament growth.
Because actin plays a central role in many cellular processes, it has been the subject of many studies.

In vitro studies on single actin filaments measured a mean persistence length of 8-17 µm [Gittes 1993],
a young modulus of 109 pascal ([Kojima 1994], [Gardel 2008]) and a buckling force (minimal force to
apply for bending anactin filament) of 0.4 pN to 1.6 pN for a micrometer long filament [Berro 2007].
With such a persistence length of the order of magnitude of the cell diameter, actin filaments should
behave like rigid rods inside the cell.
But inside cells, actin filaments exist in form of a network. By regulating the type of networks formed
by actin filaments, cells are able to tune the local mechanical properties of the actin cytoskeleton. This
regulation is achieved in cell by the regulation of the actin nucleators as well as actin crosslinkers.
In the following paragraph, I will describe the main actin nucleators and the resulting type of networks
that have been describe in eukaryotic cells.

3.1.1.1.1 Actin polymerization: The main limitation to actin filaments formation inside cells is
the nucleation step. Indeed, actin binding proteins such as profilin and thymosin-β4 which have
a high binding affinity to G-actin, prevent the formation of actin dimers and oligomers thus the
formation of filamentous actin [Pollard 2000]. The formation of actin filaments thus requires the
contribution of other actin binding proteins called actin nucleators. Differents types of actin nu-
cleators have been identified in the past twenty years: Arp2/3, Formins, Spire, cordon bleu and
Leiomodin [Chesarone 2009]. They can be classify in three classes according to the way they in-
duce polymerization. The first class of actin nucleators includes Arp2/3 which structurally mimics
actin dimers to promote polymerization. The second class is composed of formins which stabilize
already formed oligomers and thus promote their elongation. The third class contains Spire, cor-
don bleu and Leiomodin which, by recruiting and aligning actin monomers, induce polymerization
[Chesarone 2009].
If the types of actin networks promoted by the first two classes of nucleators are well described, evi-
dences are still lacking about the type of networks induced by the members of the third class of actin
nucleators. In the following paragraphs, I will thus describe in more details the actin polymeriza-
tion mechanism driven by Arp2/3 and formins as well as the type of network that result from this
polymerisation.
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Figure 3.2: "Single filament assembly and mechanics.A) the kinetics of actin assembly. Actin
polymerization from the pool of actin monomers happens in two phases. The thermodynamically
limiting step for actin assembly, nucleation, is the formation of dimers and trimers. This is followed
by rapid elongation at the more dynamic end, the barbed end, at 11.6µM.s−1, ATP hydrolysis in
the filament at 0.3s−1, and phosphate dissociation at 0.0022s−1. B) persistence lengths of different
cytoskeletal elements. Actin filaments are semi-flexible polymers with a diameter of 8nm and a
persistence length of 10m. Microtubules are rigid with a diameter of 25nm and a persistence length
greater than 1mm. For comparison, double-stranded DNA are flexible molecules with a 2nm diameter
and a persistence length of 45nm." From [Blanchoin 2014]
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3.1.1.1.1.1 Arp2/3 based actin networks: Arp2/3 complex was first discovered twenty years
ago [Machesky 1994] as a profilin (see 3.1.1.1.1) ligand. It consists of a complex of seven subunits
(ARP2, ARP3 and ARPC1-5) with two of them being actin related proteins (Arp2 and Arp3). Once
activated by a nucleators promoting factors (NPFs), the Arp2/3 complex catalyzes the polymerization
of a new, "daughter" filament from the side of a "mother" filament with a characteristic 70◦ ± 7◦ angle
[Mullins 1998]. The newly formed filament is capped at its pointed end by the Arp2/3 complex while
its barbed end is free to elongate. This is the first step toward a branched actin network.
The precise mechanism of actin nucleation by Arp2/3 is still unknown. Two main models are
proposed according to the type of NPFs involved in Arp2/3 activation.

The best understood NPFs are the members of the family of the Wiskott-Aldrich Syndrome
protein (WASP) and suppressor of cyclic AMP repressor (SCAR; also called WASP-family verprolin-
homologous protein (WAVE)) [Goley 2006]. WASP, neural WASP (NWASP), WASH, WAVE are
members of the class I NPFs family which possess a well conserved WCA domain composed of a
WASP-homology-2 domain (WH2 or W), a central domain (C) and an acidic domain (A). The WH2
domain binds to G-actin while the CA domain mediates the binding to Arp2/3 [Goley 2006].
Even though many evidences are still lacking, the most common and well accepted model for class
I NPFs-Arp2/3 actin nucleation is the following: the acidic region mediates binding to Arp2/3, the
central region initiates an activating conformational change in the Arp2/3 complex that brings Arp2
and Arp3 closer to each other possibly to mimic a dimer, and the WH2 and central regions present an
actin monomer to the complex, facilitating the formation of a nucleus for the polymerization of the
daughter filament ([Goley 2006], [Chesarone 2009]).

The second class of NPFs includes cortactin and its mechanism of Arp2/3 activation is less well
understood. Indeed, if these NPFs conserve the Arp2/3-binding acidic region, they lack the G-actin
binging region. They instead contain an F-actin binding region. Moreover, cortactin fails to activate
a conformational change in the Arp2/3 complex when it is bound to such NPF. Therefore, the role of
the class II NPFs would be to stabilize the branching organization of the actin network generated by
Arp2/3 [Goley 2006] rather than activating this actin nucleator.

The activation of Arp2/3 by NPFs requires another layer of regulation which goes through the
activation of the NPFs. Indeed, the activation of members of the class I NPFs requires the action
of members of the Rho-GTPases familly, kinases and/or phosphatidylinositols [Rotty 2013]. For
instance, the most well studied NPF, WASP/NWASP exists in an autoinhibitory state where its WCA
domain is tightly bound to its GTPase-binding-domain (GBD). This state can be overcome by the
binding of the Rho-GTPases (RAC, CDC42) to the WASP-GBD domain which then releases the
WCA domain thus allows the binding of WASP/NWASP to Arp2/3.
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Interestingly, WAVE, another member of the class I NPFs does not posses a GDB which complicates
the understanding of its regulation by GTPases. WAVE exists in a complex of five different proteins
called the WAVE regulatory complex (WRC). WAVE stays inactive in the WCR where its C and A
regions are sequestered by parts of the complex particularly the Specifically RAC1-associated protein
1 (SRA1). The actual model of WAVE activation is that the binding of RAC1 to the SRA1 domain
of the WRC, would release the WCA domain of WAVE allowing its binding to Arp2/3 ([Rotty 2013],
[Chen 2010]).
Even though many missing points exist in our actual understanding of Arp2/3 activation, the tight
regulation of this process already indicates how important it is for the cell to be able to control the
type of network which will be generated at a specific place.

3.1.1.1.1.2 Formins based actin networks Formins form a large family of several proteins
whose role in actin polymerization was described in 2002 [Breitsprecher 2013]. They are character-
ized by their formin homology 1 and 2 domains at their C-terminus (FH1 and FH2 respectively). The
FH2 domain has been shown to promote the nucleation of actin filaments in vitro ([Pruyne 2002],
[Sagot 2002]). The proposed mechanism of actin nucleation by formins relies on the high binding
affinity of the donut-shaped FH2 domain to the barbed end of F-actin [Chesarone 2009]. Because
the FH2 domain lacks detectable binding affinity to G-actin, it has thus been proposed that formins
promote actin polymerization by stabilizing spontaneously formed actin dimers or trimers. After
polymerization, the formin FH2 domain stays at the barbed end of F-actin and moves progressively
with the barbed end allowing rapid G-actin insertion ([Chesarone 2009], [Breitsprecher 2013]).
This current model of FH2 based actin nucleation is under controversy. Indeed the FH2 domain
based actin nucleation was shown to be very inefficient with profilin bound G-actin which is the
most available actin substrate in vivo [Chesarone 2010]. However, one hypothesis which would
support the FH2 based actin nucleation theory is the recruitment of G-actin by sequences at the
C-terminus of the FH2 side [Chen 2010] or by FH2 partners (in the same way than class I NPFs bind
G-actin and Arp2/3). If there are some evidences of the existence of formins regulators which bind
to G-actin (bud 6 a Saccharomyces cerevisiae polarity factor [Moseley 2004]) a direct proof of such
a mechanism is still lacking. Therefore, the mechanism of Formin based actin nucleation is still far
from being understood.
Another well studied role of Formins in actin polymerization involves filaments elongation. Indeed,
the high affinity of the FH2 domain to the filament barbed end protects the filament from capping
proteins which would stop the barbed end growth. In addition to this, the ability of the FH1 domain
to recruit profilin-G-actin complex facilitates the insertion of G-actin in the growing barbed end. The
combination of both interactions leads to an increase of the barbed end elongation rate by as much as
5-folds compared to free barbed ends ([Chesarone 2009], [Breitsprecher 2013]).
If the FH2 based actin nucleation is under debates, the role of Formins in F-actin elongation is very
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well accepted. Thus the impact of formins on filament growth is also well accepted.

To nucleate or elongate actin filaments, Formins need to be activated. Indeed, Diaphanous-related
formins (DRFs), the most abundant and well studied vertebrate Formins exist in an autoinhibitory
state in the cytosol. This autoinhibitory state is achieved through the binding of the C-terminal
Diaphanous autoregulatory domain (DAD) to the N-terminal Diaphanous inhibitory domain (DID)
[Breitsprecher 2013]. This interaction which is proposed to sterically obstruct FH2 interaction with
actin, inhibits the ability of the FH2 domain to nucleate actin assembly in vitro as well as in vivo

[Chesarone 2010].
The exit from this autoinhibition state requires the activity of Rho-GTPases family members. Indeed,
Formins such as DRFs contain a GBD which allows the binding of the DRFs to a GTPase and thus
the release of the DID-DAD interaction. However, the complete release of the DID-DAD interaction
by Rho-GTPases binding was shown in vitro to require high Rho-GTPases concentrations which may
not be physiological [Chesarone 2010]. This suggests the existence of other co-regulatory proteins
involved in formins activation.
Even though the details of Formin based actin network generation are not fully understood, many
studies converge towards a major role of formins in the generation of bundled actin networks. Such
networks play a critical role in force generation and in cell migration.

3.1.1.2 Actin networks and their mechanical properties

Actin networks are usually crosslinked in migrating cells. Indeed, the lammelipodium at the leading
edge is made of branched actin networks, the contractile fibers (stress fibers and transverse arcs), are
based on bundled actin filaments. The combination of branched and bundled filaments is found in
the cortex and to some extent at the leading edge, between the lammelipodia and the filopodia (see
figure 3.3).

The global effect of crosslinkers in an actin network is to link actin filaments together. Some
crosslinkers such as Myosin II or Fascin will keep the filaments aligned creating a bundled network
while others such as α−actinin, Filamin and Fimbrin will entangle the filaments leading to a
branched actin network. It is also interesting to underline the role of Arp2/3 in network generation.

Figure 3.3 (facing page): "Actin structures in moving cells. Overlay of actin architecture and me-
chanics in the moving cell. A): schematic representation of the cell with the different architectures
indicated: i) the cell cortex; ii) an example of a contractile fiber, the stress fiber; iii) the lamellpodium;
and iv) filopodia. The zoom regions highlight architectural specificities of different regions of the cell.
B): overlay of the actin architecture and its mechanical profile. The red rectangles are the shock ab-
sorbers (dashpots) that represent the actin network, while the green circles are active springs due to
myosin motor activity." (From [Blanchoin 2014])
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Figure 3.4: " Determining viscoelastic properties of a polymer network. (Left) To measure the
shear elastic modulus, G′(ω), and shear viscous modulus,G′′(ω), an oscillatory shear stress, σ(ω),
is applied to the material and the resultant oscillatory strain, γ(ω) is measured. The frequency, ω,
is varied to probe mechanical response over a range of timescales. (Right) To measure how the
stiffness varies as a function of external stress, a constant stress, σ0, is applied and a small oscilla-
tory stress, (∆σ(ω)), is superposed to measure a differential elastic and viscous loss modulus." From
[Gardel 2008]

Arp2/3 based nucleation can induce either branched or bundled actin networks. Indeed, many in

vitro experiments have shown that Arp2/3 based actin nucleation leads "by default" to the creation
of "unbranched" networks in which freely growing actin filaments will self-organize in bundles
([Svitkina 2003], [Akin 2008], [Achard 2010], [Reymann 2010]). Arp2/3 based actin nucleation can
also lead to branched actin networks formation. But in order to generate such a branching from
Arp2/3 nucleation, capping proteins are necessary. Indeed, capping proteins, by inhibiting elongation
of actin filaments promote branching of the network ([Akin 2008],[Blanchoin 2014]). Arp2/3 in
synergy with capping proteins gives rise to highly dense branched networks [Blanchoin 2014] whose
mechanical properties have been the subject of many studies.

3.1.1.2.1 Actin networks mechanical properties In order to define the mechanical properties
of actin networks, various rheological as well as microrheological experiments have been designed
since the 1980s. The classical rheological experiments consist in the application of a sinusoidal stress
(periodic force per unit surface) on the overall network and the measurement of the resulting strain (a
dimensionless parameter which measures the displacement divided by the displacement over which
the deformation is applied). In microrheological experiments, the displacement of beads inside the
network is measured.

From those experiments, the parameters G’ and G" which define the rheological properties of the
network are determined (see figure 3.4). G’, the shear elastic modulus shows the elastic response of
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the network by measuring how the mechanical energy is stored in the network. G", the shear viscous
modulus measures the viscous properties of the network by measuring how the mechanical energy is
dissipated in the network.

The mechanical property of crosslinked network is a function of the length and density of F-actin,
the density of crosslinkers as well as their affinity to F-actin. According to those parameters, the
network will store the mechanical energy in different ways. For example, a dense network with
long actin filaments, containing a high concentration of static (high affinity to F-actin) crosslinkers
will respond to a load by stretching the filaments in the network. The other extreme case is a loose
network with short actin filaments containing a low concentration of static crosslinkers which would
break the filaments under load [Gardel 2008].
For crosslinked actin network, G’ and G" depend on the amplitude as well as the frequency of the
load. At low amplitude, the response to an applied load is linear, dominated by G" at low frequencies
(i.e. corresponding to short timescale) and by G’ at higher frequencies (i.e. corresponding to long
timescale). This means that a crosslinked F-actin network is viscous at high frequencies (≺ 0.1Hz)
and elastic at low frequencies. At higher amplitudes, the response of the network become nonlinear
([Storm 2005], [Stricker 2010]). Phenomena such as stress-stiffening or stress-softening can then
occur [Stricker 2010]. In a stress-stiffening network, the elastic modulus G’ will increase in a
nonlinear manner when the applied stress exceeds a given value. In a stress-softening network,
G’ will start decreasing in a nonlinear manner above a given stress. The stress-stiffening property
of a network arises from its entropic elasticity ([Storm 2005], [Pujol 2012]). Indeed, networks
dominated by their entropic elasticity will resist to an applied stress by changing their configuration
(rearrangement of filaments and crosslinkers). Above a given stress when no more configuration
is available, the network will thus exhibit a high resistance to any deformation, which explain the
drastic increase of G’ with stress. When a network is dominated by its enthalpic elasticity, it will
respond to a stress by stretching, compressing or bending the constituting filaments. Above a given
stress, filament will buckle leading to a drastic decrease of the elastic modulus G’ with stress thus
stress-softening.
Many crosslinked actin networks have been shown to stress-stiffen in a manner qualitatively
independent of the type of crosslinkers (α−actinin, filamin, scruin) [Stricker 2010]. The transition
between the linear and the nonlinear response occurs usually at 5 − 30% of strain and with a typical
two-fold increase in the shear elastic modulus before network dis-assembly. The elastic properties of
the crosslinker can have an impact of the stiffness increase during the nonlinear response. Indeed, in
the case of filamin crosslinked networks, a hundred-fold increase of G’ has been measured. Filamin
being a large protein, its compliance is believed to play a critical role in the network elasticity
[Gardel 2008].
In the following paragraphs I will describe the mechanical properties of the two specific types of
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crosslinked networks studied in migrating cells: the branched (dendritic) and the unbranched actin
networks.

3.1.1.2.2 Mechanical properties of dendritic actin network The Arp2/3 branched actin network
is a specific crosslinked network in which the crosslinker has an impact on the rate of growth of the
network.
Arp2/3 branched networks are similar to other crosslinked actin networks: they are viscoelastic ma-
terials which undergo stress-stiffening [Chaudhuri 2007].
The typical measured linear shear elastic modulus (G’) is on the order of 1kPa at 5 Hz
[Chaudhuri 2007] for in vitro measurements in a cell extract. G’, in the linear regime, can increase as
a function of the Arp2/3 or capping proteins concentration [Pujol 2012], meaning that increasing the
branching increases the stiffness of the network.
This linear regime persists until 15Pa of stress. Above such stresses, the network undergoes a stress-
stiffening transition. This stress-stiffening regime persists for stresses up to 300 Pa.
Interestingly Arp2/3 branched networks exhibit a stress-softening regime following the stress-
stiffening one (See figure 3.5). This stress-softening behavior was shown to be reversible which is in
contradiction with the classical view of stress-softening materials. Indeed, because the softening is
due to the enthalpic elasticity, it was believed to be associated to irreversible changes in the network
such as filaments breakage or crosslinkers detachment. The reversible stress-softening behavior of
dendritic network was then proposed to be due to filaments buckling. Under a critical stress, individ-
ual filaments would start buckling without leaving the network because of the dendritic organization.
Thus when the load is remove, filaments would unbuckle giving rise to the reversible stress-softening
behavior.

3.1.1.2.3 Mechanical properties of unbranched actin network Two types of bundled actin
networks can be observed in migrating cells: the parallel actin bundles and the antiparallel actin
bundles.
In the parallel actin bundles, all actin filaments have their barbed ends oriented in the same direction
while in antiparallel actin bundles the barbed end of one filament will be in the opposite direction of
the barbed end of the next filament.
Actin filaments in bundled networks are maintained in close contact via crosslinkers such as fascin
or α−actinin for parallel bundles and MyosinII for antiparallel bundles. Such networks are sensitive
to two types of mechanical load: compression and stretching (shear stress). Bundled networks
resist compression in a similar manner than single filamentous actin do. They possess a bending
modulus which can be defined by their effective persistence length. This persistence length varies as
a function of the number and length of filaments in the bundle but also as a function of the crosslinker



3.1. Cell mechanics in migration 37

Figure 3.5: "Dendritic actin networks exhibit stress stiffening and reversible stress softening. a)
In a typical nonlinear elasticity measurement, the stress on the network is first increased incrementally
(black trace) to and then decreased incrementally from a maximum stress (red trace) of 600 Pa, with
the elasticity measured at each stress at 5 Hz. The elasticity remains constant for stresses up to 15
Pa and then increases in a stress-stiffening regime. For stresses above the critical stress σc of 270
Pa, the elasticity decreases in a stress-softening regime that is reversible, as indicated by the overlay
of the black and red traces. b) Averaged and normalized trace of the nonlinear elasticity of actin
networks. Each individual measurement was normalized by the difference between the elasticity
before the measurement Emin and the maximum elasticity for increasing stresses Emax and σc . The
results of 28 different measurements from 12 separate experiments were averaged together (mean ±
s.d. shown) and found to exhibit three distinct regimes of elasticity: linear, stress stiffening and stress
softening. The stress softening is shown to be reversible. Note that the elasticity in b) is shown on a
linear scale while the elasticity in a) is shown on a log scale. The inset shows a histogram of σc for
which the mean value was 233 Pa." From [Chaudhuri 2007]
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dissociation rate. Indeed, static crosslinkers, by inhibiting the sliding of filaments, leads to a network
with higher effective persistence length than a network with dynamic crosslinkers [Blanchoin 2014].
Therefore the dissociation rate of the crosslinker defines the buckling force (the force above which
the network will buckle) of the bundle as this force is proportional to the effective persistence length.

A bundled network subjected to shear stress behaves qualitatively like crosslinked network. They
exhibit a linear viscoelastic response at low stress followed by a stress-stiffening behavior at higher
stress ([Lieleg 2007], [Gardel 2008], [Stricker 2010]). This stress-stiffening regime is followed by
a stress-softening regime. Above a given stress the crosslinker will be forced to detach leaving the
actin filaments free to slide. Interestingly, the concentration of crosslinkers plays a crucial role in the
transition between linear to non linear regime. Increasing the crosslinkers concentration decreases
the stiffness variation during the stress-stiffening regime [Lieleg 2007]. On highly crosslinked bun-
dles, a mechanical load will force the crosslinkers to unbind before the stress-stiffening regime oc-
curs. A mechanical load can thus affect the dissociation rate of F-actin crosslinkers ([Lieleg 2007],
[Gardel 2008], [Stricker 2010]).

3.1.1.2.4 Force production by actin networks Actin based force generation is a crucial process
in cell migration. For instance, the membrane protusion at the leading edge is based on either branched
actin networks generation for the lamellipodium or bundled networks in filopodia. Bundled networks
are also found in stress fibers as well as in the transversal arcs which are important for the dynamic
interaction between the migrating cell and its environment.
Two types of forces can be generated by the actin cytoskeleton: contractile and protrusive forces

3.1.1.2.4.1 Contractile forces Contractile forces are necessary for cellular retraction during
migration. The best studied contractile force generation process is based on Myosin II action.
Myosin II is a hexamer with two long heavy chains, two regulatory light chains and two essential
light chains. The two heavy chains dimerise through their coiled-coil rod domain forming the hex-
amer. Multiple hexamers assemble to form a minifilament which binds to actin through the head
domain of the heavy chains. This minifilament organization is essential for high force generation as
it converts the unipolar, non processive hexamer to a bipolar and highly processive machine.
The head domain of each heavy chain has an ATPase activity. ATP hydrolysis induces a conforma-
tional change in the head domain of the heavy chain which leads to F-actin displacement. After ADP
release and replacement by ATP, the head domain detaches from the previous actin filament and is free
to bind to another filament which will be displaced during the next cycle of ATP hydrolysis. Those
cycles of head domain attachment and detachment leads to the general contraction of the network
[Aguilar-Cuenca 2014].
The binding of Myosin II on actin filaments requires Myosin II activation. Myosin II exists in an au-
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toinhibitory state during which a head-head and head-tail association inhibits the F-actin binding and
the ATPase activity of the head domain. This autoinhibitory state can be overcome through biochem-
ical as well as mechanical signals. The best known biochemical activation of Myosin II is through
the phosphorilation of the regulatory light chain. Indeed, phosphorylation of the RLC in the residues
serine 19 and threonine 18 induces the unfolding of the hexamer which releases the inhibition. Numer-
ous kinases operate in different pathways to induce this phosphorylation. Amongst the best studied
kinases involved in the RLC phosphorylation are the Rho kinase and citron kinase activated by the
Rho-GTPase RhoA and the myotonia dystrophy-related Cdc-42-binding kinase (MRCK) activated by
the Rho-GTPase CDC42 [Lecuit 2011]. Mechanical forces have also been shown to promote Myosin
II activation by extending the motor interaction with actin filaments [Aguilar-Cuenca 2014].
Thus, using either chemical or mechanical energy, the cell might be able to tightly regulate the direc-
tion and amplitude of the contractile force exerted on the extracellular environment.

3.1.1.2.4.2 Protrusive forces Protrusive forces are at the basis of membrane protrusion and
are usually generated by actin polymerization. Bundled/parallel actin networks can produce protru-
sive forces. This forces has been shown to be in the range of 1-3 pN for single filopodia [Cojoc 2007].
Branched networks such as found in the lammellipodium have been shown to generate higher protru-
sive forces than filopodia. Indeed, the comparative study of lamellipodia and filopodia pushing forces
measured 20 pN for lamellipodia but not more than 3 pN for fillopodia [Cojoc 2007]. However, the
measurement of forces generated by the lamellipodium are divergent. Some studies reported forces of
the order of a few pN per micron [Bohnet 2006] while others reported high forces in the range of sev-
eral hundreds of pN per micron [Prass 2006]. This high variability can be explained by the difference
in experimental methods which would probe different adhesiveness of the cell to the experimental set
up [Stricker 2010]. In vitro experiments have also shown that branched actin network can generate
high forces which can be used for motility.

3.1.1.2.4.3 An exemple of actin based motility: actin comet tails One striking example of a
motility machinery totally based on branched actin network is the one used by the pathogen Listeria

Monocytogenes.
Listeria monocytogene as well as Shigella flexneri, and Rickettsiae hijack the host cell actin machin-
ery to move and invade other cells. Listeria cells, in particular, use the Arp2/3 based actin nucleation
machinery to propel through the cell by generating a comet tail at the back of their body. The liste-
ria protein ActA by mimicking N-Wasp, activates the Arp2/3 complex at its surface leading to actin
polymerization [Welch 1998].
Such machinery has been reconstituted in vitro using a minimal system [Loisel 1999] to study the
physical properties of this actin based motility [Marcy 2004]. Indeed, using beads coated with nucle-
ator promoting factors in solution with Arp2/3, actin, capping proteins, profilin and severing proteins
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(depolymerizing factors such as ADF/Cofilin), many labs where able to induce beads motility quali-
tatively similar to Listeria propulsion in infected cells .
The generation of movement in such system goes through 3 steps [Akin 2008]:

1. Actin filament nucleation occurs around the bead with incorporation of new actin monomers at
the surface of the bead. This leads to the assembly of dense spherically symmetrical actin shell
around the bead.

2. Within minutes, the actin shell breaks leading to the formation of the polarized comet tail.

3. During the first 30 mns, the bead moves in the opposite direction of the comet tail at speeds
around 5 µm/mn.

4. The system get’s in a stationary phase during which the bead moves at a constant, lower velocity.

The symmetry breaking of the actin shell define the onset of beads propulsion. This process is based
on the release of the gel elastic energy [Gucht 2005]. Indeed, because filaments elongation occurs at
the surface of the bead, a strain is built up in the gel giving rise to a tensile stress at the surface of
the gel [Gucht 2005]. Because of the nonlinear behavior of the dendritic network, the gel will stress-
soften above a given stress leading to the symmetry breaking [Chaudhuri 2007], [Marcy 2004].
The resulting propulsive force will drive the high velocity motility. In the stationary phase, adding
new filaments at the surface of the bead will just keep propelling it. The velocity would then be a
function of the actin polymerization speed.
By hijacking the Arp2/3 based actin nucleation machinery, Listeria Monocytogenes found a sophisti-
cated way to use the mechanical properties of the dendritic network for their invasion.

3.1.1.3 The microtubule network

Microtubules are the second major cytoskeletal components. They are formed after polymerization of
α− and β−tubulins dimers in protofilaments. Thirteen protofilaments assemble in a hallow cylinder
and form microtubules.
Microtubules are polar filaments. They posses a rapidly growing end called the plus end while the
other end is called minus end. This polarity confers a direction to the microtubules associated motors
such as kinesins which will bind/move either on/towards the plus or the minus end of the microtubules.
In cells, the minus end is bound to structures called microtubule organizing centers (MTOCs). In inter-
phase cells (such as dendritic cells), the MTOC is localized next to the nucleus. This MTOC-nucleus
orientation is often used as marker of cell polarity.
Microtubules are very dynamic filaments which undergo multiple phases of growth and catastrophe.
This alternation of polymerization and depolymerization at the plus end gives rise to the dynamic
instability of microtubules [Mitchison 1984].
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Figure 3.6: "Microtubule structure and dynamics (A) Microtubules are polymer filaments made
from tubulin dimers. The tubulin heterodimer is made of a beta (dark green) and alpha subunit (light
green). A few hundred dimers bind together to nucleate the polymer, and individual dimers add on
to the ends to grow the microtubule. The plus-end is the more dynamic and rapidly growing and
shrinking end. The minus-end is less dynamic. The microtubule is a tube with an outer diameter of
25 nm and an inner diameter of 17 nm. (B) Microtubules grow by the addition of dimers and shrink by
the loss of dimers. Stochastic transitions from shrinking to growing are called "rescues." Stochastic
transitions from growing to shrinking are called "catastrophes." Microtubules are more stable if they
have reduced catastrophes and increased rescue frequencies. (C) Microtubule B-lattice and A-lattice.
In B-lattice, the alpha (light green) touches a neighboring alpha except at the seam. In A-lattice, the
alpha (light green) touches the beta (dark green) throughout the lattice. There is no seam in A-lattice."
From [Hawkins 2010]
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Many studies have been performed to measure single (or bundled) microtubules mechanical prop-
erties (see [Hawkins 2010] for a review). Most of those studies have focused on measuring the mi-
crotubules flexural rigidity (the bending rigidity multiply by the thickness). Different measurements
using various experimental set-up estimated a mean microtubule flexural rigidity of 10−24, similar to
the carbon nanotubes [Hawkins 2010]. This measured rigidity corresponds to a persistence length of
1-10 mm which is much longer than the cell typical diameter. Because of their long persistence length
combined to a high bending rigidity, microtubules are perceived as stiff filaments at the cell scale.
In vitro, microtubules networks are reported to exhibit a soft elastic gel behavior with a shear elastic
modulus of few pascals ( [Janmey 1991], [Lin 2007]). More recent works on crosslinked microtubule
networks proposed a stiffening of the network at low stress followed by its softening at higher stresses
[Yang 2013]. This behavior, characteristic of crosslinked networks, shows the rearrangement (disrup-
tion of previous bonds and formation of new ones) of the network under high stress.
In cells, microtubules form tracks on which motor proteins move to transport cargos. Their high
binding rigidity might be necessary in this context. But a role of this high bending rigidity in the
overall cellular mechanical properties is still unknown. Indeed, only few studies on the mechani-
cal properties of microtubule networks in cellulo are available. This is primarily due to technical
limitation as microtubules form a very dense network inside the cell which makes it hard to probe
individual microtubules . On top of this, the crosstalk between the microtubule network and the actin
cytoskeleton makes it more difficult to assess the specific impact of microtubules in cellular mechanics
([Hawkins 2010], [Gardel 2008]).

3.1.1.3.1 Crosstalk between microtubules and actin: In a living cell, microtubules are in a con-
tinuous cross talk with the actin cytoskeleton and the intermediate filaments (visualized in figure
3.7). Many proteins linking actin filaments to microtubules have been discovered and microtubules
dynamics can also affect the mechanical properties of the actin cytoskeleton [Preciado López 2014].
Indeed, Formins, which have been described as actin nucleator/elongator are also known to regulate
microtubules organization and dynamic. For instance, constitutively active mDia have been shown
to regulate co-alignment of microtubules and actin fibers ([Ishizaki 2001]), to promote the targeting
of microtubules to the cell periphery and to stabilize them [Breitsprecher 2013]. This Formin inter-
action with microtubules is actin independent as mutants of mDia which fail to polymerize actin can
still bind to and stabilize microtubles [Chesarone 2010]. Thus Formins, by regulating both the actin
cytoskeleton and the microtubule network, can change the whole organization of the cytoskeleton.
In a mechanical point of view, networks of actin and microtubules show very interesting behaviors.
For example, the actin cortex have been shown to reinforce microtubules against buckling [Lin 2011].
In vitro reconstruction of composite networks of actin filaments and microtubules have shown that
adding microtubules, even at very low concentration, to an actin network drastically changes the vis-
coelastic properties of the actin network [Lin 2011]. Indeed adding microtubules to an actin network
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Figure 3.7: "In vivo coorganisation of F-actin and microtubules. A) Fluorescence micrograph of
part of a 3T3 fibroblast with fluorescent labels showing the distinct organization of F-actin (cyan)
and microtubules (red). Actin forms rigid stress fibers and dense networks underneath the plasma
membrane (top), whereas microtubules grow toward the cell periphery and form a sparse network. B)
Schematic showing how dynamic microtubules can encounter different F-actin architectures within
a cell. C) Conceptual drawings of the different types of F-actin-microtubule cross-linking proteins
and protein complexes, classified based on their activities (e.g., processive motion) and exchange
properties (e.g., slow vs. fast). Scale bar: 5 µm." From [Preciado López 2014]

crosslinked with scruin (static crosslinker, the network behaves like and elactic solid [Stricker 2010])
changes the normal strain-softening behavior of the network to a strain stiffening network [Lin 2011].
It is interesting to observe that combining two networks with intrinsic strain-softening behaviors (mi-
crotubules in one hand and scruin crosslinked network in other hand) gives rise to a strain-stiffening
network. Microtubules can also regulate actin networks in a more molecular scale. Indeed, the small
GTPase RhoA which mediates Formins and Myosin II activation have been shown to be activated
upon microtubules depolymerization. Indeed, a guanine exchange factor, GEF-H1, which activates
RhoA normally binds to microtubules and upon microtubules depolymarization get released in the
cytoplasm leading to RhoA activation [Krendel 2002]. This subsequent RhoA activation leads to an
increase in cellular contractility. Thus microtubule dynamics can control, locally, the type of actin
network in the cell.
Migrating cells, by controlling the crosstalk between the actin cytoskeleton and the microtubule net-
work could refine their mechanical properties. They can indeed regulate the amount and the type of
forces they will generate by controlling the stability of microtubules in an actin network. They can
also modulate their response to a mechanical load by changing the non-linear response of the actin
network through microtubules growth inside this network.
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3.1.1.4 The intermediate filaments

The intermediate filaments are the third members of the cytoskeleton family. Their discovery dates
back to the 1970s when Weber and coworkers visualized vimentin in mouse 3T3 cells [Franke 1978].
They were named intermediate filaments for geometrical reasons as their characteristic diameter of 10
nm is in between the one of actin filaments (6-7 nm) and of microtubules (25 nm) [Buehler 2013].The
type of intermediate filament expressed is cell type dependent. Indeed, migrating cells such as fibrob-
lasts and endothelial cells express vimentin while epithelial cells highly express keratin.
Intermediate filaments constitutes two intracellular networks: one in the nucleus is proposed to define
the mechanical properties of nuclei, and a second one in the cytoplasm which is proposed to be a
mechanical stress absorber [Herrmann 2007]. In this paragraph, I will focus on the mechanical role
of the cytoplasmic intermediate filaments, the one of the nuclear intermediate filaments will be dis-
cussed later.
In in vitro studies, intermediate filaments appear to be soft, extensible and nearly unbreakable
[Herrmann 2007]. Indeed, the estimation of vimentin persistence length of nearly 1 µm, which
give rise to a dynamic shear modulus of few Pascal of a dilute suspension of entangled vimentins,
shows that at similar protein concentrations a vimentin network is much softer than an actin network
([Mücke 2004], [Herrmann 2007]). Not only intermediate filaments are more flexible than micro-
tubules and actin, they are also more extensible. Indeed, the neurofilaments, desmin and keratin
can bear a 3.5 fold stretch before breaking [Kreplak 2005]. Intermediate filaments such as desmin
have also been shown to resist to higher forces (1-2 nN) compared to actin (0.6 nN) ([Kreplak 2007],
[Tsuda 1996]). They also exhibit an interesting property of strain hardening. Indeed, keratins have
been shown to break at large stresses (150-180 MPa) and they would achieve so by stiffening their
network at low and intermediate strain [Storm 2005]. From this set of measurement emerged the idea
of the intermediate filaments as mechanical absorber [Herrmann 2007].
Data about the mechanical role of intermediate filaments in vivoare still sparse. The few available data
are pointing toward a role of intermediate filaments in stabilizing microtubules [Brangwynne 2006]
and actin networks [Esue 2006]. Previous studies have shown that vimentin integrity plays an impor-
tant role in the establishment of cellular stiffness (Young modulus) [Wang 2000] but because of the
mechanical feedback between intermediate filaments and the actin cytoskeleton, one could argue that
this decrease in the cell stiffness is due to the disruption of the cell cortex. However, more recently,
mouse embryonic fibroblasts (MEFs) from vimentin knock down mice have been shown to exhibit a
lower cytoplasmic shear modulus compared to control MEFs [Guo 2013]. Interestingly, the authors
further showed that the actin cortex mechanical properties is not affected by vimentin knock down
suggesting that the observed effect of vimentin on cellular mechanical properties can be independent
of the actin cytoskeleton [Buehler 2013].
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3.1.2 Proposed model of the cytoplasm

In the previous paragraphs, I described the mechanical properties of each of the constituents of the cy-
toplasm. This description is necessary to understand how each part of the cytokeleton can contribute
to the mechanical properties of the cell. Such a detailed description was also important for under-
standing how a specific part of the cytoskeleton can exert and respond to forces. However, the real
understanding of the overall cellular mechanical properties requires an integrated view of the system.
Indeed, in a living cell, actin, microtubules and intermediate filaments are in a continuous crosstalk
and feedback. A cellular actin network cannot be describe as polymers in an aqueous solution but
more as polymers in a net. More and more proteins are being described for linking actin filaments to
microtubules or intermediate filaments. To understand the physical properties of this network, many
mechanical models have been proposed.
The first integrative model is based on classical viscoelastic models. The cytoskeleton is thus view as
an integration of springs (elastic) and dashpots (viscous) which are in parallel (Kelvin voigt model) or
in series (Maxwel model). The most important parameter of this model is the relaxation time which
defines the transition between the elastic and the viscous response.
In the context of structural-kinetic approach, the cytoskeleton can be viewed as a set of rods (for exam-
ple microtubules) and flexible binding elements (actin filaments) or as a granular medium modelled as
rigid spheres corresponding to intracellular cross-linking proteins and distant mechanical interactions
to reproduce the cytoskeleton filament internal forces. [Starodubtseva 2011].
The combination of the classical viscoelastic model and the structural kinetic model gave rise to
the 30-elements tensegrity structure of adherent cell cytoskeleton composed of six rigid bars com-
pressed by a continuous network of 24 prestretched cables (stress-supported structures). This model
determines the relationship between the viscoelastic properties of the tensigrity structure and the me-
chanical and geometrical parameters.
In the context of continuous media, the cytoplasm is modeled as a gel or a soft glassy material. In
the gel model, the cytoplasm can be fluid-like (sol phase) or solid-like (gel phase) according to the
circumstances. Moreover, the cytoplasm can then undergo sol-gel transitions. As a soft glassy ma-
terial, the cytoplasm is composed of discrete, numerous elements which can aggregate through weak
interactions. Each element exists in the energy well formed by the binding energy of neighboring
cytoskeletal elements. The glassy state is characterized by the noise temperature which is related to
the energy necessary for elements to hop out of the energy well.
The cytoplasm have also been described as a poroelastic material. In this model, the cytoskele-
ton and the organelles constitute a porous elastic solid and the cytosol a fluid. The interaction be-
tween the porous elastic meshwork and its interstitial fluid gives rise to a poroelastic material. This
model is supported by some experiments showing that pressure equilibrates slowly within cells ( 10
s) [Charras 2005] giving rise to intracellular flows of cytosol which might be used by cells to pro-
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trude their membrane [Charras 2008]. Interestingly, this poroelastic model takes into account not
only shear forces but also dilatational effects (volume variation) [Moeendarbary 2013] as cellular rhe-
ological properties are predicted to change due to volume changes. The most important parameter
for a poroelastic material is its poroelastic diffusion constant which measures how fast intracellular
fluids get redistrubuted in response to a localized deformation. Recent experiments challenging this
poroelastic theory showed that at short time scales (≤ 0.5s) the cell behave like a poroelastic material
which transit to a viscoelastic material at longer time scales [Moeendarbary 2013].
The length scale and more importantly the time scale of the study define the model which will be
used to define the cytoskeleton. In the context of cell migration, the cytoskeleton is usually viewed
as an active viscoelastic gel: a viscoelastic gel with a constant energy input [Hawkins 2009]. In the
specific case of blebbing migration 3.4.2.2.1 the representation of cells as a poroelastic material might
be more accurate.

3.1.3 Contribution of the plasma membrane to the cell mechanics

The plasma membrane is a lipid bilayer in which trans-membrane proteins are imbedded. It is viewed
as a continuous fluid in which proteins as well as lipid are almost free to diffuse along the bilayer. It
thus does not contribute to the shear modulus of the cell. The plasma membrane confers a boundary
to the cell which separates it form the extracellular environment. As a consequence, mechanical in-
teraction between the cell and its environment occurs through the plasma membrane.
The main contribution of the plasma membrane to the mechanical properties of moving cells goes
through the establishment of the membrane tension. This membrane tension is the resultant of
the in-plane tension in the lipid bilayer combined to the membrane-cytoskeleton adhesion energy
[Lieber 2013]. The in-plane tension, intrinsic to the inextensible nature of the lipid bilayer will
resist to any membrane stretching which would tend to expose the hydrophobic tails of the lipids
[Keren 2011]. The balance of the in-plane and the membrane-cytoskeleton adhesion generated ten-
sion is cell type specific. Indeed, while in cells such as the erythrocytes the first one dominates,
in neutrophils [Zhelev 1994], this in-plane tension can be neglected compared to the membrane-
cytoskeleton induced tension.
The membrane tension applies an opposing force to membrane extension [Sheetz 1996]. It thus has
a high contribution in the establishment of the isotropic tensile as well as the bending stiffness of
the cell [Starodubtseva 2011]. Because force transmission along the membrane is very rapid (≈ms)
[Kozlov 2007] any local change in the membrane tension (for example after front protrusion), leads
to a global variation of the cellular surface tension.
The plasma membrane is in a continuous crosstalk with the cytoskeleton. Not only it can impose a
load to the actin network thus directing polymerization, it can also impact the biochemical compo-
sition of the actin network . Indeed, many proteins such as the Rho-GTPases locates at the plasma
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membrane and can affect actin polymerization [Diz-Muñoz 2013]. For instance, membrane tension
has been shown to modulate front back polarity [Houk 2012].
In addition, transmembrane proteins such as ion channels can impact actin polymerization by acti-
vating specific motors. As an example, calcium channels located at the plasma membrane are stretch
activated and upon mechanical load (either imposed by the actin network or by extracellular stimuli)
can induce Myosin II activation and thus contraction. (See 3.3.1 for a more detailed description of
stretch activated ions channels)

3.1.4 The nucleus in cell mechanics

Among all cellular organelle, the nucleus is the one that could more likely play a role in whole cell
mechanical properties. Indeed, the nucleus is the most prominent organelle in the cell and different
studies have shown that the nucleus is also the most rigid cellular organelle. The nuclear rigidity can
be as large as ten time the cytoplasmic rigidity [Caille 2002]. In addition, the shape of the nucleus
varies with the cellular shape. Indeed, cellular stretching induces nuclear extension, cellular com-
pression leads to nuclear shrinkage and cellular contraction induce nuclear rounding [Caille 2002].
Moreover, it is now well accepted that the nucleus is physically connected to the cytoskeleton allow-
ing possible nuclear-cytoskeletal force transmission. All this taken together indicates that the nuclear
mechanical properties plays a big role in the overall cellular mechanical properties. More detailed
description of nuclear mechanical properties is done in the section 4.1.

3.2 Physical properties of the extracellular environment

Migration is based on cell-extracellular matrix interactions. Beside chemical interactions, many phys-
ical interactions are also involved in cell migration. Among those, mechanical and electrical interac-
tions are the best studied.
Defining the cell-substrate mechanical interaction requires knowing in one hand the mechanical prop-
erties of the cell and on the other hand the geometry as well as the mechanical properties of the ex-
tracellular environment. The best studied mechanical stimulii imposed by the extracellular space are
strain, shear stress, substrate rigidity and topography.
If the usual migration assays are based on 2D flat and stiff substrates, a growing number of studies
are made in 3D environments with various geometries as well as substrate rigidities.

3.2.1 in vivo environments

In vertebrate, at least two types of extracellular matrices can be found in vivo: the basement mem-
brane and the interstitial connective tissues. The basement membrane is constituted by a dense and
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flat protein meshwork underlying epithelial and endothelial cells. It confers an anchoring region to
those cells. The interstitial connective tissue is made from a 3D meshwork of heterogeneous tex-
ture and composition. The main component of connective tissues is fibrillar type I collagen whose
composition and structure define the physical stability of the tissue. Collagen fibers are crosslinked in
different ways leading to different networks whose specific physical properties are defined by the fiber
thickness, orientation, density, stiffness as well as pore sizes between fibers. Cells migrating in such a
matrix can thus move on a single fiber (1D), on a sheet-like surface (2D) or inside a complex 3D net-
work. The pore size between fibers is an important parameter of the geometrical constrain imposed
by the extracellular matrices. This parameter turns out to be highly variable in a given connective
tissue. For instance, in the mouse back dermis or mouse mammary tissues model, the diameter of
pores in the network ranges from 1 to 20 µm (Adapted from [Wolf 2009]). Another parameter that
must be consider when defining in vivo mechanical properties is the tissue stiffness. Indeed, tissue
stiffness can vary from 100 kPa in bone to 1 kPa in the brain. Vascular endothelial cells encounter
shear stress generated by the blood flow as well as cyclic strain due to blood vessel distension by
transmural pressure [Ballermann 1998]. Body patrolling cells such as leukocytes will have to migrate
through all those body compartments. They should then be able to respond to various mechanical
stimuli including shear stress, tension, compression as well as geometrical constrains. Thus under-
standing of in vivo cell migration particularly the one of leukocytes requires the study of how those
cells respond to extracellular induces mechanical stimulii.

3.2.2 In vitro assays for mimicking in vivo environments

Although in vivo measurements are desirable because they imply physiological relevance, they lack
flexibility controlling physical parameters that are important to unravel mechanisms behind obser-
vations made in vivo. Many stimuli both physical and biochemical received by the cell lead to its
migration. In addition, controlling the in vivo environment is a challenging task to achieve.
To overcome this problem, many in vitro setups were developed to study cell migration. Those setups
ranging from 2D substrates with well defined stiffness to 3D matrices with defined pores section are
now widely used to mimic the in vivo extracellular environment. In addition of providing a mechan-
ically well controlled environment, in vitro systems are also permeable to chemicals thus allows a
control of the biochemical properties of the extracellular environment. The figure 3.8 illustrates most
of the actual in vitro setups.

3.2.2.1 The 2D migration assay

The most common in vitro system for cell migration is the 2D petri dish or glass bottom dish. This
system, suits very well for studying molecular as well as fundamental mechanism involved in cell
migration. Indeed, the simple geometry make visualization of proteins as well as the cytoskeleton
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very accessible. In addition, the chemical properties of glass makes it very attractive to many surface
chemistry. For instance, micropatterning on glass coverslips allows a very well control of the distri-
bution of adhesive molecules on the substrate [Azioune 2010]. Using this technique allowed Maiuri
et al to perform the first world cell race and propose a general correlation betwenn cell speed and
persistence [Maiuri 2012]
This 2D geometry is relevant for many physiological processes including wound healing and cell
migration on thin collagen layer as described above (see 3.2.1). However, this system have been criti-
cized a lot for the non physiological rigidity of the substrate . Indeed, the stiffer in vivo tissue (bones)
has an elastic modulus of 100 kPa while glass is at the giga pascal order. Recent chemical improve-
ments made this system more suitable. Indeed, glass coverslips can now be covered by soft hydrogels
with well controlled mechanical properties such as polyacrilamide gels. Using this system allowed
Engler et al to show that stem cells lineage speciation is driven by matrix elasticity [Engler 2006].

3.2.2.2 3D collagen gels

Opposite, in the scale of complexity, to the 2D setup is the 3D collagen setup. 3D collagen systems are
obtained after in vitro polymerization of collagen. Cells can be embedded inside the gel resembling
to the in vivo interstitial tissue context. This set up is thus used a lot for cancer cell migration and
invasion as well as leukocytes extravasation [Wolf 2009]. For many years, this 3D collagen field
was facing controversial results. Indeed, some groups were showing that cancer cells migration in
collagen gels requires matrix remodeling while others where supporting a non proteolytic migration
mechanism. New data from the Friedl lab proposed surprisingly a technical explanation which might
stop the debate. They indeed show that the matrix remodeling dependance of cancer cell migration
varies as function of the geometry, particularly the pore sizes of the collagen gel. Using a fixed
concentration of collagen, they showed that the topology of the gel varies a lot as function of the rate
of polymerization, i. e. faster the polymerization is denser the collagen will be. This groundbreaking
work released all the tension accumulated for years in the field of 3D collagen setup.
3D collagen setup are well adapted for global chemical treatment, but become limiting when studying
chemical gradient induced cell migration. Indeed, long time control of external gradient is very
challenging in such systems as molecules are freely diffusing inside the gel. However, even if the pore
size as well as the biochemical environment can be fairly well controlled, this system is not always
suitable for protein visualization, because the thickness of the sample limits the choice of suitable
imaging techniques, e.g. two photon microscopy. Because the cell in embedded in the collagen
gel, its visualization requires specific microscopes such as multi-photon microscopes. In addition,
the geometry (e.g. pore size and length) of the environment is not well controlled which then make
impossible to study the effect of geometrical constrains in cell migration.
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3.2.2.3 1D/3D migration assays

In order to overcome this limitation, new techniques called 1D/3D emerged. Taking advantage of
the development in microfabrications, scientists developed divers systems where the geometry of the
environment is very well controlled.
The 1D/3D setup can be separated in 2 groups [Lautenschläger 2013].
In the first one, are systems such as the ’under agarose’ system and the two gels ’sandwich’ setup.
Such systems can be viewed as the combination of the 2D system and confinement. Cells are usually
confined in the Z direction but not in the X and Y directions. Because cells are usually in close
proximity with the glass coverslip, high resolution video microscopy can be performed. Substrate
rigidity can be controlled by controlling the mechanical properties of the gel. However, the level
of confinement is not well controlled. Indeed, the cell underneath the gel will deform it in a not
completely controlled way giving rise to different geometries according to the cellular mechanical
properties.
The second group of 1D/3D is composed of the 1D micropatterned lines and the microchannels (see
figure 3.8). Here, scientists focused on controlling the geometry of the extracellular matrix. In the 1D
lines, adherent cells are confined in the X direction but not on the Y and Z one. This setup mimics
very well the above mentioned cell migration on a single collagen fiber. Here again, in addition
of the geometry, the mechanical property of the substrate can be controlled by using hidrogel. An
improvement of this 1D lines is the microchannel based system. This setup allows the tight control of
the geometry as well as the level of confinement. Indeed, in microchannels, cells are confined in both
X and Z directions. The level of confinement can be controlled down to a micrometer. Microchannels
are made out of a silicon elastomer, Polydimethylsiloxane (PDMS) which is permeable to gas as well
as nutrients. Placed on top of a glass coverslip, it allows high resolution microscopy. By changing the
geometry of the channels wall, one can challenge the ability of cells to deform in order to migrate.
This setup is thus very well designed for studying leukocytes migration [Lautenschläger 2013].

3.3 Mechanotransduction in cell migration

Mechanotransduction defines the process by which cells read mechanical stimuli and translate them
to biochemical signals. This process enables cells to sense their physical environment and adjust
their structure and function accordingly [Isermann 2013]. In the early studies, only sensory cells
were reported to be able to read mechanical signals. However, it became soon clear that all cells
are mechanosensitive. For instance, stem cell differentiation can be controlled by mechanical signals
including substrate stiffness and geometry. Cardiac as well as skeletal muscle cells respond to tension
by increasing their volume. It also became clear that cells use a variety of elements to sense extra-
cellular mechanical stimuli. Those elements can be localized at the plasma membrane (for example
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Figure 3.8: "Quantitative control of the cell microenvironment in vitro. (a) (i) Immune cells
(in white) migrating in tissue (red) through a basal membrane (yellow) showing the many layers of
complexity of the in vivo environment. This is in sharp contrast to the conventional approach for
studying cells in vitro (ii) in a 2D uniform, flat Petri dish coated with adherent material (green).
(iii) 3D matrix of ECM (green); closer to in vivo but still complex. (iv) A single parameter, here
confinement, relevant for in vivo migration is implemented in vitro (e.g. in between two plates). (b)
Simple methods for confinement of cells in vitro. (i) Schematic of cells on micropatterned, adhesive
lines (green) on a 2D surface. Cells can only migrate along these lines, but the cell body can surpass
the adhesive area. (ii) Cross sectional view of the rectangle in (i) showing the cell adhering to the
linetrack. (iii) Schematic of cells inside microchannels confining the entire cell body. (iv) Cross
sectional view of the rectangle in (iii) showing the cell confined within the microchannel." From
[Lautenschläger 2013]
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the ions channels), or in the cytoskeleton and even inside the nucleus. They are commonly called
mechanosensitive proteins. (Adapted from [Isermann 2013]).
Mechanosensitive proteins change conformation and thus their functional role when sensing an ap-
plied force. For instance, mechanosensitive ion channels would open or close when a tensile stress is
applied at the plasma membrane, some transmembrane proteins would unfold revealing cytoskeletal
binding sites, this overall change in protein conformation would lead to the activation of a specific
signaling pathway [Jaalouk 2009]. Disruption of mechanotransduction mechanisms can lead to sev-
eral consequences including developmental defects, premature aging and cancer [Jaalouk 2009].
In the context of cell migration where cells are continuously in contact with the extracellular space
and thus probe various mechanical properties, mechanotransduction is crucial for adapting to the cor-
responding mechanical stimuli. A cellular property which drives, for example, cell directed motion in
durotaxis [Lo 2000]. The type of motility can also be determined by the mechanical properties of the
extracellular matrix. Indeed, the extracellular geometry can drive the cell switch from an ameoboid
type of motion driven by contractility to a mesenchymal one driven by lamellipodium [Friedl 2010],
see section 3.4.2.3.
In a migrating cells, many elements contribute to cellular mechanotransduction:

• Adhesion molecules at the interface between the cell and the extracellular matrix (ECM) sense
and transduce mechanical signals

• ions channels at the plasma membrane can regulate ions flux upon mechanical load

• the cytoskeleton remodels when mechanically stressed (see section 3.1.1)

• the nucleus can receive mechanical signal which will induce gene expression (see section 4.4.2)

Because the role of the Cell-ECM adhesion molecules in mechanotransduction during cell migration
will be addressed in section 3.4.1.1, I will now describe the role of ions channels.

3.3.1 Ions channels in mechanotransduction

Mechanical sensitivity is a common feature of proteins. Mechanosensitive channels (MSC) also called
stretch-activated channels (SACs) or mechanogated channels are transmembrane channels which
change their conformation between an open and a close state upon mechanical stimulus. This change
in conformation induces ion flux which can then change membrane potential [Sachs 2010]. Two types
of mechanical stimuli have been proposed to induce the conformation change of SACs: the bilayer
and the tether model (see figure 3.9. In the bilayer model, channels would be activated by membrane
tension while in the tether model, the gating force would be transmitted by the ECM or elements of
the cytoskeleton bound to the channel [Nilius 2012]. If the bilayer model is now well accepted, the
tether one is less. However, as some ions channels including the Na+/H+ exchange NHE1 has been
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reported in focal adhesion, this tether model is not obsolete. Thus a local mechanical load, by either
changing the membrane tension or locally pulling on channels, can induce channels opening which
at first leads to ions flux throughout the plasma membrane. Ion flux can induce many changes in
cells among which, variation of membrane potential (due to local charges accumulation across the
membrane), changes in cell volume (due to water flux accompanying the ion flux and/or changes in
osmotic pressure), changes in calcium (Ca2+) concentration and changes in pH have been implicated
in cell migration [Schwab 2012]. In the following paragraphs, I will briefly describe how membrane
potential, cell volume, calcium signaling and pH can impact cell migration.

3.3.1.0.1 Role of membrane potential in cell migration Membrane potential can affect cell
migration by regulating cell volume as well as intra- and extracellular pH. It can also induce calcium
influx through an electric transport of the ion or the opening of voltage-dependent Ca2+ channels.
Such a tight control of Ca2+ influx can impact the cell cytoskeleton. The electric field resulting from
the membrane potential can further control actin polymerization by, for example, recruiting Rac1
which can thus activate some actin nucleators. Furthermore, this electric field can induce the opening
of other voltage gated ions channels such as the K+ which have been shown to be important for cell
migration. For example inhibition of Kv1 a subgroup of the K+ family is invariably followed by
inhibition of cell migration. [Schwab 2012]

3.3.1.0.2 Role of cell volume in cell migration Many proteins involved in actin regulation has
been shown to be sensitive to volume perturbations. Those proteins include Rho, Rac, Cdc42 and
PI(4, 5)P2. Thus perturbing cell volume can perturb actin polymerization as illustrated by the rapid
and pronounced polymerization of the actin cytoskeleton upon osmotic shrinkage. Another illustra-
tion of the importance of cell volume regulation is the observation that cell migration is abrogated
when aquaporins as well as NHE1 are downregulated [Schwab 2012].

3.3.1.0.3 Calcium signalling in cell migration Change in calcium concentration can have drastic
impact on cell migration. Indeed, many proteins involved in cell migration are regulated by calcium.
Those proteins include myosin II which plays a big role in force generation and integrins which are
important for force transduction. Migrating cells maintain a front-rear gradient of calcium crucial
for cell polarity. Furthermore, the local control of calcium concentration through calcium "Flickers"
(short-lived calcium pulses at the leading edge of migrating cells) has been shown to be important for
directional migration. Calcium signaling has also been shown to regulate rear retraction by triggering
actomyosin contraction following myosin light chain phosphorilation. In addition, calcium signalling
has also been shown to regulate gene transcription. [Schwab 2012]
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3.3.1.0.4 pH in cell migration pH variations can affect cell migration in many ways including
integrin conformation changes as well as focal adhesion dynamics. Indeed an acidic extracellular pH
has been shown to facilitates the activation of the αvβ3 integrins. In addition, alkaline intracellular pH
has been shown to lower talin binding affinity to actin filaments. Thus by regulating the pH, stretch
activated ions channels can regulate the turnover of focal adhesion. (Adapted from [Schwab 2012]).

In many ways, ions transport regulates cell migration. By using ion channels to sense the extra-
cellular environment, the cell allows itself to rapidly respond to mechanical stimuli.

3.4 Mechanism of cell migration

Cell migration is a highly integrated multistep process which can be described as follows
[Ridley 2003]. At first, the cell need to break its symmetry and establish a front-back polarity.
This asymmetry enables cells to turn intracellularly generated forces into a net cell body translation
[Lauffenburger 1996]. This symmetry breaking can occurs either spontaneously (due for example,
stochastic local decrease in a polarity protein) or be driven by external cues (chemical, mechanical
or electrical gradients). Once this is achieved, the cell will ’elongate’ its front then retracts its back
which will lead to a net movement. Said this way, the process seems to be simple, however, each
of these steps requires a complex cellular machinery and a continuous crosstalk between the cell and
its extracellular environment. Indeed, cues from the extracellular environment will be received, pro-
cessed and the reaction of the cell to those cues will drive directional cell migration. One striking
property of cells is their plasticity. So to say, their ability to adapt to the extracellular environment
and modify their migration behavior [Zaidel-Bar 2007]. One extracellular cue which has been shown
to have a high impact on cell migration is the geometry. Indeed, same cells, placed on 2D, 3D or 1D
spaces will display a variety of migration phenotypes. In the following, I will discuss the mechanism
of cell migration in 1, 2 and 3D.

3.4.1 2D/planar migration

Most of our current knowledge in cell migration was obtained using 2D/planar substrates. As said
earlier, the simple geometry of these substrates allows a high resolution visualization of molecules
implicated in cell migration. In 2D, most of cells display a mesenchymal type of migration. Such
migration is characterized by a large protrusion, the lamellipodium, cell-ECM adhesion trough focal
adhesions and stress fibers at the cell edges.
The lamellipodium, at the leading edge of migrating cells, is made of branched actin networks nucle-
ated by Arp2/3 which extend ≈3-5 µm from the cell edge. Arp2/3 and its activators are located at the
cell membrane where new actin monomers are added. The mechanism by which actin polymeriza-
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Figure 3.9: "Gating models for Stretch Activating ion channels. (a) Stretch Activating ion channels
(SACs) may be directly gated by tension in the membrane. This bilayer model has been put forward
for the bacterial MscL channel. (b) Tethered elements of the ECM or of the intracellular cytoskeleton
(dual-tether model) may transmit force to the channel. Although initially put forward to model the C.
elegans mechanoreceptors sensitive to light touch (where intracellular tubulin instead of actin interacts
with the channel), it is now demonstrated that there is no direct connection between the microtubule
cytoskeleton and the channel and, moreover, the cytoskeleton is dispensable for channel activation.
Nevertheless, whether such a dual-tether mechanism is at play in other cell types, such as the hair cells,
cannot be entirely ruled out. An alternative single-tether model involves the ECM which is proposed
to move the channel into or out of the plane of the membrane, thus controlling channel opening. (c)
SACs (including Piezo1 and Piezo2) are non-selective channels permeable to Na+, Ca2+ and K+. (d)
SAKs (i.e. TREK-1, TREK-2 and TRAAK) are selective for K+. Surprisingly, an N-terminal variant
of TREK-1 has been shown to be permeable to Na+." Adapted from [Nilius 2012]
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tion leads to membrane protrusion is believed to be based on an elastic molecular ratchet mechanism.
According to this theory, thermal fluctuations induce the bending of the growing filament which will
then store elastic energy. The unbending of this filament which have been elongated in the mean
time, provides enough force to deform the membrane [Ridley 2003]. The rate of global protrusion is
regulated by the rate of actin polymerization as well as the organization of the actin network at the
leading edge. Indeed, fast actin polymerization leads to fast protrusion which can induce high strain
on the cell. This rate of polymerization at the leading edge is tightly controlled by different actin
binding proteins. For instance, profilin, by binding to actin monomers prevents self-nucleation and
regulates the target of actin monomers to F-actin barbed end. Capping proteins by terminating actin
filament elongation restrict polymerization to the plasma membrane. ADF/Cofilin, by disassembling
older filaments regulates the renewal of the pool of actin monomers which will be used for filament
elongation at the leading edge. [Ridley 2003] Thus by controlling the generation of a broad, dendritic
like network, the cell is able to push the membrane on a long distance. At the edge of lamellipodia,
migrating cells exhibit filopodia; elongated structures made of bundled actin filaments. Their structure
and their position are well designed to explore and sense the environment of the cell. [Ridley 2003]
Opposite to filopodia and at the interface between the lamellipodia and the lamella are actin trans-
verses arcs which results from the contraction of the dendritic actin network polymerized at the cell
front. In the lamella bundled actin filaments crosslinked by myosin II motors are though to mediate
high forces generation for migration. The current model of actin transverses arcs and lamela forma-
tion is illustrated in figure 3.10. [Burnette 2011].
A net movement occurs if the cell is able to transmit forces to the substrate. Indeed, the stabilization

of the protrusion needs cell-ECM attachment thus force transmission to the substrate. This cell-ECM
force transmission can be done through small, sub-micrometric adhesions as reported in leukocytes
or keratinocytes which are rapidly moving cells. In other cell types such as fibroblast, focal com-
plexes induced by Rac activation form at the leading edge of migrating cells. Formed at the cell edge
as nascent adhesions, they maturate in the lamella as focal complexes and detach at the cell rear.
Adhesion complexes are thus dynamic structures which regulate cell migration.

3.4.1.1 Adhesion dynamics

The best studied adhesion receptors are integrins. Integrins are heterodimeric receptors composed
of various α and β chains with a large ligand-binding extracellular domain and a short cytoplasmic
domain. Upon binding of ligands to the extracellular domains, integrins change their conformation by
changing the interaction between the α and β chains. This conformation change is followed by inte-
grin clustering and recruitment of more proteins complexes including talin, vinculin, paxilin, kindlin
and focal adhesion kinase (FAK). Those proteins complexes particularly vinculin, talin and α−actinin

will link integrins to the actin cytoskeleton thus allowing force transmission to the ECM. For instance,
focal complexes are connected to dorsal stress fibers at one of their ends while mature focal adhesions
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Figure 3.10: "Leading-edge advance is broken down into discrete steps. Step (1) shows the base of
a previous retraction where a newly created actin arc is coupled to a focal adhesion. Hypothetically,
the new lamellipodial protrusion could push off the arc to drive the membrane forward. During pro-
trusion (2), actin-filament polymerization occurs behind the plasma membrane and depolymerization
occurs a few micrometres away from the edge. Actin filaments treadmill through the lamellipodium
during protrusion, and nascent adhesions form. At the peak of protrusion (2), myosin II filaments form
in the lamellipodium and a local network contraction (similar to that proposed for keratocyte cell body
translocation3) occurs that drives actin-arc formation and edge retraction (3). In cells that show net
advance, the new actin arc slows at the nascent adhesion (4), most likely owing to strong coupling
between the arc, adhesion and growth substrate. The base of the retraction in (4) is shifted forward
when compared with (1). As a consequence, the start of the new protrusion in (5) is also shifted
forward and the edge protrudes farther than in (2). In cells that do not show net advance, the actin
arc and adhesion slip rearward during edge retraction. This indicates that there is still strong coupling
between the actin arc and the adhesion, and also indicates a weak coupling between the adhesion and
the growth substrate. Actin-arc addition to the front of the lamella is balanced by actin-arc removal
at the back of the lamella (5). Lamellipodial and arc actin filaments are yellow. Focal adhesions and
associated actin filaments are green. Myosin II filaments are red. Relative actin-rearward-flow rates
are represented by blue arrows." From [Burnette 2011]
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are present at either one or both ends of ventral stress fibers [Burridge 2013] . These stress fibers,
cross-linked by α−actinin and myosin II will generate the necessary force for counteracting the force
applied by the ECM to the cell. (Adpted from [Jahed 2014]). Figure 3.11 illustrates the events lead-
ing to focal adhesion formation. Focal complexes are believed to be mechanosensitive. Indeed, they
have been shown to maturate upon tension. The mechanism which leads to focal adhesion maturation
is not really understood but some emerging ideas point towards a mechanically induced maturation.
Many proteins at the adhesion sites are mechanosensitive. For instance, talin which is recruited at
the early times of adhesion complex formation has been shown to unfold upon stretch revealing more
actin as well as vinculin binding sites ([del Rio 2009], [Margadant 2011]). Vinculin recruitment to
focal adhesions has been shown to be force dependent ([Carisey 2013], [Hirata 2014]). Moreover,
vinculin recruitment has been proposed to be necessary for focal adhesion maturation [Jahed 2014].
Stress fibers which terminate adhesion complexes have also been proposed to be mechanosensitive
as they have been shown to reorganize, reinforce and repair under mechanical load [Burridge 2013].
Thus, mechanical load applied by the extracellular matrix can regulate focal adhesion maturation as
well as force generation and transmission to the ECM.
In the context of force transmission to the ECM, it has been surprising to discover that the most
traction forces in rapidly moving cells are generated by focal complexes (at the lamellipodia)
[Webb 2002]. This goes very well with observed correlation between cell velocity and size of adhe-
sion complexes [Gupton 2006]. Mature focal adhesions which have been extensively studied inhibit
cell migration by immobilizing the cell on the substrate. However, such focal adhesions have been
shown to be important for durotaxis. Moreover, a recent study from Waterman’s Lab proposed that
dynamic fluctuation of the force exerted by mature focal adhesions might be important in rigidity
sensing and more importantly to durotaxis [Plotnikov 2013]. Durotaxis is one of the most striking
examples of cellular mechanotransduction which have a direct impact on cell migration. Durotaxis
is the process by which a cell migrates toward stiffer substrates [Lo 2000]. First proposed in 2000
by Lo et al in NIH3T3 fibroblast, the mechanism by which cells keep their persistence towards stiffer
substrates is still unclear. On general idea, is that cells should be able to locally sense the force ex-
erted by the ECM and dynamically respond to it. Plotnikov et al proposed a mechanism by which
mature focal adhesions could drive durotaxis. Measuring traction force dynamics at the single focal
adhesion scale, they proposed the existence of two populations of focal adhesions in migrating cells:
static ones and fluctuating ones. The static ones would generate an uniform and constant traction field
on the substrate while the dynamic one exhibit a pattern of traction fluctuations which was reminis-
cent of repeated, centripetal tugging on the ECM. Plotnikov et al proposed that this sub-population
of tugging focal adhesions drive cellular rigidity sensing by allowing a regular testing of the local
ECM rigidity landscape over time (see figure 3.12)[Plotnikov 2013]. Even though focal complexes
have been shown to exert traction forces on the substrate, to modulate rigidity sensing and to mediate
durotaxis, the mechanism by which forces are produced and transmitted to the substrate resulting in a
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Figure 3.11: "Proposed model for binding events at initial stages of focal adhesion formation,
starting with (1) the weakening of electrostatic bonds between integrin α and β TM domains upon
ECM molecule binding; (2) activation of integrin through the binding of kindlin and talin to the NxxY
motifs on integrin β cytoplasmic tail; (3) talin cross-links integrins and the cytoskeleton by binding
actin, subsequently tensile actomyosin forces result in the exposure of cryptic vinculin-binding sites
on talin; (4) consequently, vinculin head weakly binds talin, acquiring an intermediate conformation
which promotes actin binding. (5) Vinculin binds actin and fully extends under tensile forces, rein-
forcing the talin-actin link. (6) α − actinin binds previously activated integrin by replacing talin and
(7) subsequently binds actin, cross-linking integrin and actin. (8) α − actinin can bind vinculin head
and (9) activate it for actin binding. (10) Finally, α−actinin acts as an actin crosslinker and is involved
in actin reorganization." From [Jahed 2014]
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Figure 3.12: "Model for durotaxis. Nanoscale fluctuations of traction forces mediate ECM rigidity
sensing and guide directed cell migration. Dynamics of traction forces within individual FAs are
essential to direct cells toward stiff ECM. Zoomed insert depicts repetitive movement of force peak
along individual FA (shown in green)." From [Plotnikov 2013]
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movement on 2d substrates is still poorly understood. Twenty five years ago, emerged a model called
molecular clutch which is trying to explain such mechanism.

3.4.1.2 The molecular clutch model

The molecular clutch is proposed to be composed of a set of proteins at the adhesion complex which
modulate the strength of the connection as well as interaction between the cytoskeleton and the sub-
strate [Giannone 2009]. Through this interaction, the clutch modulates the force transmission from
the cytoskeleton to the substrate as well as the rate of translocation. The engagement state of the clutch
determines the level of force transmission. Indeed, when the clutch is engaged, tight cytoskeleton-
substrate linkage allows an efficient force transmission while a not engaged clutch is not able to
transmit forces [Ananthakrishnan 2007].
The engagement state of the clutch and the amount of transmitted forces can be modulated by the
retrograde flow. This retrograde flow is a result of pushing forces generated by the plasma membrane
on the dendritic actin network at the leading edge and pulling forces generated by myosin II contrac-
tility in the lamella [Bangasser 2013]. With a too fast retrograde flow, actin filaments will slip on the
clutch resulting in no clutch engagement (see figure 3.13 a anb b). An optimum retrograde flow is thus
necessary to allow efficient and dynamic force transmission to the substrate [Ananthakrishnan 2007].
In addition the clutch engagement induces the slowing down of the retrograde flow which allows
leading edge advance (see figure 3.13 c) [Bangasser 2013]. The molecular clutch model, thus pre-
dict that slow moving cells have a high retrograde flow and generate less traction forces while fast
moving cells having smaller retrograde flow will generate higher traction forces.([Giannone 2009],
[Ananthakrishnan 2007])
However, slow moving cells have been observed to generate high traction forces which is inconsistent
with the molecular clutch model as presented here. Interestingly, most of the moving cells including
neutrophils, NIH 3T3 fibroblast and U87 glioma cells display a biphasic distribution of their veloc-
ity as function of the substrate stiffness [Bangasser 2013]. A modification of the model proposing
a tension dependent rate of clutch disengagement could explain this biphasic behavior. Indeed, on
stiff substrates the molecular clutch engagement on F-actin leads to a rapid tension build up on the
clutch due to the lack of substrate compliance. The resulting high tension will lead to a rapid clutch
disengagement as the rate of clutch disengagement increase exponentially with tension [Chan 2008].
On soft substrates, the slow tension build up leads to an initial high retrograde flow which will be
slowed down once the tension will reach a critical value. At this critical value, single clutches will
start disengaging in cascade leading to a high tension on the remaining engaged clutches which will
in turn disengage causing a snap back of the cell to its initial position. This phenomenon, named
load-and-fail is characterized by a protracted period (≈ 10 to 100s) of increasing tension followed by
a rapid coupling failure [Chan 2008]. The optimal stiffness for migration is predicted to be the one
where the the clutch binding time equals the load-and-fail cycle time. Indeed, in this configuration,
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cluthes engaged long enough to allow force transmission without being blocked at their engaded state
(which would prevent forward movement) [Bangasser 2013].
This molecular clutch model also predicts force fluctuations at the level of the focal adhesion which
has been proposed to drive durotaxis [Bangasser 2013]. It also provides a possible explanation of
the optimum of velocity which can be obtained by coordinately changing parameters of the model.
Among those parameters, a coordinated change in motors activity and clutches is of particular interest
for cell adaptation to stiffness variations [Bangasser 2013].

3.4.2 3D cell migration

In here, I refer to 3D migration as single cell migration in collagen gels or interstitial migration.
In such environments, two types of locomotion have been reported: mesenchymal migration and
amoeboid migration. In 3D environments, mesenchymal cells are characterized by an elongated
shape with a well defined front-back polarity while amoeboid cells are more roundish with a much
less difined polarity [Friedl 2010]. Various cells including fibroblast, neural crest cells and cancer
cells, have been reported to adopt mesenchymal migration is 3D collagen gels [Friedl 2009b] while
leukocytes are more prompted to migrate in an amoeboid manner.

3.4.2.1 3D mesenchymal migration

During 3D mesenchymal migration, cells display a specific spindle-like shape, elongated morphol-
ogy [Wolf 2003] characterized by an actin-polymerization dependent pseudopod protrusion at the
leading edge and a tensed rear defined as uropod. Such migration occurs in five steps. At first (1),

Figure 3.13 (facing page): Three potential states of the molecular clutch. Side view of a lamel-
lipodium moving on a rigid or flexible substrate coated with extracellular matrix molecules (red). The
cell expresses the appropriate membrane counter-receptors (blue). Specific ligand-receptor recog-
nition allows formation of adhesion complexes at the ventral surface. Actin filaments are flowing
rearward, due to a combination of polymerization at the tip (+ sign), depolymerization at the rear (-
sign), and the pulling action of myosin motors (green heads). Dynamic connection between F-actin
and adhesion complexes is provided by a clutch module made of adaptor proteins (orange circles),
specific for each adhesion type. The force exerted at adhesion sites translates into deformation of the
matrix (wrinkles). (a) Unengaged clutch, no coupling between F-actin and ligand/receptor complexes.
(b) Slipping clutch, where transient weak connections are formed between the F-actin flow and lig-
and/receptor complexes through clutch proteins. (c) Engaged clutch, where a strong coupling between
F-actin and ligand/receptor complexes slows down F-actin flow downstream and allows polymeriza-
tion forward. (From [Giannone 2009])
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the cell front protrude in an actin polymerization dependent manner. Following this protrusion, (2)
integrins mediated adhesion to the substrate occurs allowing the stabilization of the protrusion as seen
in 2D. Several micrometer from the leading edge, the ECM is remodeled by the cell during the third
step (3). The fourth (4) step is characterized by the actomyosin driven contraction which increases
longitudinal tension of the cell body and in the fifth (5) and last step, the cell rear retracts leading
to cell body translocation ( [Friedl 2009b], [Wolf 2013]) During 3D mesenchymal migration force
transmission to the substrate is based on cell-ECM adhesion through integrins [Friedl 2010]. How-
ever, whether mesenchymal cells form stable adhesions is still under debate. Clear focal adhesions
such as the ones described in 2D mesenchymal migration have not been reported in 3D environments
([Cukierman 2001]). Moreover, stress fibers which are the characteristic for 2D migrating cells, dis-
appear in 3D matrices. However, the dependance of cell migration to integrins ([Wolf 2013]) suggests
that some type of focal adhesion might exist in 3D environments.
3D mesenchymal migration displays another characteristic which is cellular proteolytic activity
([Aimes 1995], [Wolf 2003]). Indeed, most of the mesenchymal cells migrating in highly confin-
ing spaces posses a high ECM remodeling capability [Wolf 2013]. Cells such as cancer cells express
specific matrix metalloproteinases (particularly membrane-tethered (MT)1-MMP/MMP-14) which by
cleaving, remodeling or bundling the collagen fibers, enlarge the space for the cell [Wolf 2007].
3D mesenchymal cell migration can thus be described as a 2D mesenchymal migration in term of
force generation and transmission. Indeed, the requirement of integrin suggests that force transmis-
sion for leading edge propulsion is based on a molecular clutch model. The requirement of Rac
signalling through Wave2 [Sanz-Moreno 2008] which is known to activate Arp2/3 suggests that as
shown in 2D substrates, force generation is based on actin retrograde flow originated at the leading
edge. Interestingly, mesenchymal cells when put in a 3D environment get rid of the third dimen-
sion by degrading the matrix. This matrix degradation capability is intrinsic to such migration as its
inhibition leads to a cell switch to an amoeboid type of migration ([Wolf 2003], [Wolf 2013]).

3.4.2.2 3D amoeboid migration

Amoeboid cells migrating in 3D collagen gels display mainly two shapes: a rounded, blebby mi-
grating cells or a slightly more elongated shape with a filopodia at the leading edge [Friedl 2010].
Amoeboid cell migration is characterized by low to null adhesion as well as stress fibers. Such cells
do not show any ECM remodeling activity, they tend to deform the cell body in order to move for-
ward. Moreover, amoeboid cells tend to have a higher RhoA activity which is believed to increase
the cellular tension and mediate force generation. One struggling question in the field of amoeboid
migration is how are forces transmitted to the substrate to allow migration. Many models of amoeboid
migration have emerged in the past decade. Form the best known blebs driven motility to the myosin
II independent motility of dendritic cells, I will describe the proposed mechanisms of force generation
and transmission during amoeboid migration.



3.4. Mechanism of cell migration 65

3.4.2.2.1 Mechanism of blebbing migration Blebbing migration is characterized by the roundish
shape of the cell. This round shape is proposed to be driven by a high cortical contractility mediated
by myosin II. The proposed model for blebbling migration is as follows. The high cellular contractil-
ity induces a high hydrostatic pressure inside the cell which leads to a high cortical tension. This high
tension will be released by formation of a membrane protrusion devoted of actin filaments called bleb.
The cytoplasm will then flow in this newly formed bleb which will inflate much faster than a protru-
sion driven by actin polymerization [Renkawitz 2010]. After stabilization of front protrusion (through
adhesions) in a form of bleb, rear retraction leading to a net cellular movement. [Paluch 2013]

3.4.2.2.1.1 Myosin II as force generator A hallmark of blebbing migration is the require-
ment of myosin II based contraction [Charras 2008]. Indeed, Myosin II overexpression has been
reported to promote blebbing [Paluch 2013] and Myosin II accumulation has been correlated to
sites of bleb formation in zebrafish primordial germ cells [Blaser 2006]. High contractility seems to
be necessary for the establishment of high hydrostatic pressure driving bleb formation and expansion .

However, how this increase in hydrostatic pressure leads to bleb formation is still unkwown. Two
models are proposed : the cortex-membrane detachment and the cortex breakage. Indeed, local break-
age of the bounds between the membrane and the cortex has been shown to promote bleb formation
supporting the cortex-membrane detachment theory [Paluch 2013]. At the same time, local rupture
of the cortex using laser ablation has also been shown to promote bled formation [Paluch 2013]. It is
thus likely that this high hydrostatic pressure will take advantage of a local weakening of the mem-
brane tension to induce bleb formation. Another possible mechanism for bleb initiation is through
osmotic swelling. Indeed, a polarized distribution of aquaporins could induce membrane swelling in
regions where the cortex is transiently disrupted [Loitto 2009]. In order for directional migration to
occur, a bleb should grow in the direction of migration. Indeed, non polarized blebbing will lead to
a stationary movement. Cells migrating with blebs seem to form their bleb primarily at the leading
edge [Charras 2008]. Even though the mechanism by which cells achieve this polarized blebbing re-
mains unknown data from walker carcinoma cells which can display a blebbing migration, suggest a
controlled polarized blebbing though an asymmetric distribution of the cortex-membrane linker ERM
(ezin, radixin, meosin) proteins ( [Charras 2008], [Rossy 2007]). Polarized blebbing can also be me-
diated by preferential tearing of the actin cortex at the leading edge [Charras 2008]. This could be
achieved by imposing at the leading edge a locally high contractilitity close to the cortex rupture point
([Paluch 2005], [Charras 2008]).

3.4.2.2.1.2 Models for force transmission in blebbing motility In order for migration to
occur, cells need to exert forces to the extracellular environment. As said earlier, mesenchymal cells
achieve this task by forming strong adhesions to the ECM. However, such focal adhesion have not
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been observed during blebbing migration giving rise to the question of how are blebs transduced to
movement. Two hypothesis are emerging:

• The first hypothesis proposed that some small adhesions still exist between the cell and the ECM
([Grebecki 2001], [Sroka 2002] ) allowing force transmission in a molecular clutch manner. See
illustration in section c of the figure 3.14.

• The second hypothesis, only relevant for confining environments, (2D plus confine-
ment or 3D matrices) propose no requirement for specific adhesions to the ECM
([Paluch 2013],[Charras 2008]). Because of the confinement, the cell would exert forces per-
pendicular to the substrate and squeeze itself forward in a mechanism known at chimneying
illustrated in figures 3.17 and 3.14-d ([Lämmermann 2008], [Hawkins 2009]). A theoretical
description of such migration proposed that actin polymerization against the ECM could pro-
duce enough pushing force allowing cell forward movement at velocities higher than the actin
polymerization speed ([Hawkins 2009], [Paluch 2013]). Another possible mechanism for cell
propulsion in confined spaces is through the coupling of a backwards flow of the actin cor-
tex along the sides of the cell and friction between the cell and the substrate ([Hawkins 2011],
[Poincloux 2011]). This friction can occur through specific adhesions or nonspecific interac-
tions between the cell and the ECM [Paluch 2013]. In addition, blebbing cells in 3D matrices
could use the pores of the ECM to entangle the bleb which after growth will allow the gen-
eration of local friction at the interface between the bleb and the pore section (illustrated in
section e of the figure 3.14). This asymmetrical friction can be used by a cell to push itself for-
ward ([Renkawitz 2010], [Paluch 2013]). This mode of blebbing migration has recently been
predicted to be particularly more efficient in low or no adhesion conditions [Tozluoğlu 2013].

Thus amoeboid cells, could use actomyosin contraction to generate actin free membrane protrusion
which by pulling, pushing or gliding on the extracellular matrix assure efficient cell migration

3.4.2.2.2 Polymerization driven amoeboid migration As said earlier, blebbing migration re-
quires myosin II driven contractility and can be independent of adhesion. Leukocytes including den-
dritic cells, B cells, granulocytes and Drosophila haemocytes have been shown to migrate in 3D
with low adhesion in an myosin II independent manner ([Lämmermann 2008], [Renkawitz 2010]).
In addition, those leucocytes exhibit an actin-rich cell protrusion which bring them out of the group
of blebbing cells (where the front protrusion is devoted of actin). This non blebbing amoeboid mi-
gration mode is supposed to be entirely based on actin polymerization. Indeed, the unique force of
actin polymerization is believed to drive continuous cell front protrusion. The rear will retract fol-
lowing the front without any requirement of high forces as no strong adhesion needs to be ’broken’
[Renkawitz 2010]. In the same way than for blebbing amoeboid migration, force transmission to the
ECM can be done by friction without any requirement for strong adhesions.



3.4. Mechanism of cell migration 67

In the context of chimneying migration (see figure 3.17), such actin polymerization based and myosin
II/adhesion independent migration mechanism has been shown to be possible in a theoretical study
[Hawkins 2009]. Indeed, in this study, Hawkins et al proposed that myosin II based contraction would
just enhance the translocation rate of the cell but does not give the base of cell migration.
More experimental as well as theoretical studies are required to understand how leukocytes in a non
blebbing migration produce forces for their translocation. Moreover, it would be really interesting to
understand how produced forces (either by actin polymerization or blebbing) are transmitted to the
substrate to allow efficient migration in 3D environments.

3.4.2.3 Switching migration mode as function of the ECM physical and chemical properties

Many cells, including cancer cells, dendritic cells and HL-60 derived neutrophils have been shown to
change their migration mode as function of the biochemical and physical properties of the extracel-
lular matrix. For instance, cancer cells which normally display a mesenchymal migration can move
in an amoeboid manner when their proteolytic activity is inhibited ([Wolf 2003], [Wolf 2013]). Den-
dritic cells have also been shown to switch between an integrin-mediated to an integrin-independent
migration mode in vitro as well as in vivo [Renkawitz 2009], [Lämmermann 2008]. At last, HL-60
derived neutrophils have recently been proposed to switch between an actin-polymerization driven
migration mode to a blebbing migration [Wilson 2013]. Thus, different cells, can adapt to constrains

Figure 3.14 (facing page): a) A tumour cell (blue) migrating through a collagen matrix (orange).
Contraction of the uropod (arrowhead in all images) moves the cell body through the collagen mesh
and, subsequently, a new protrusion is created (in the direction of the arrow, right image). Time
between images 7 minutes. Scale bar, 20µm. Reproduced, with permission, from ([Wolf 2003]).
b) Bleb migration of a deep cell in a mid-blastula fish embryo. The cells in the top part of the
image are part of the periblast. A bleb can clearly be distinguished at the leading edge of the lowest
cell (arrow, left image). This bleb broadens and possibly adheres to the periblast (middle image)
before elongating into a lobopodium (right image). Time between images is 4 seconds. Scale bar,
50µm. Reproduced, with permission, from [Kageyama 1977]. c) In two-dimensional (2D) cultures,
in order to translate polarized blebbing into movement, the cell must adhere to the substrate. When a
new bleb is formed and comes in contact with the substrate, new cell-substrate adhesion are formed
and the cell mass can stream forward. The pink dots indicate cell-substrate attachment points. d)
When the cell is in a confined environment (for example, between two glass coverslips or in a thin
microfluidic channel), it can move in the absence of cell-substrate adhesion. Instead, the cell exerts
forces perpendicularly to the substrate and can squeeze itself forward; this mechanism is known as
chimneying [Malawista 2000]. e) When the cell is migrating in an extracellular matrix (ECM) gel
(three-dimensional (3D) matrix), it can move by a combination of the mechanisms described. The
fluid nature of growing blebs enables the cell to squeeze through the ECM network mesh. The dashed
line indicates the position of the leading edge before bleb nucleation, arrows indicate the forces that
are exerted by the cells on the extracellular environment and dashed arrows indicate the streaming of
cytoplasm. [Charras 2008]
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imposed by the ECM to conserve their migration ability (resumed in figure 3.15). Many constraints
including biochemical, topological and physical constraints can induce transition in cellular migra-
tion modes [Friedl 2010]. Among those, the effect of substrate adhesiveness, the ECM mechanical
and geometrical properties have been the best studied. For instance the availability of extracellular
binding partner for integrins can induce transition from blebbing migration to mesenchymal, lam-
melipodia based migration in walker carcinoma cells [Bergert 2012]. Fibroblast have been shown to
favor lobopodia-based migration in linear 3D extracellular matrices and lamellipodia based migra-
tion in non linear elastic 3D extracellular matrices [Petrie 2012]. Various cells including Hela cells,
fibroblast and RPE1 cells have been induces to amoeboid migration using geometrical confinement
(Unpublished data from Le Berre et al). In order to perform such transition, the cell drastically adapts
its cytoskeleton to produce the required forces for migration. Indeed, when Cell-ECM adhesion is
blocked, confined cells move in a friction based mechanism [Renkawitz 2009]. When the pore sizes
of the ECM are too small and the cell is not able to enlarge them, it will increase its contractility to
generate the required forces for squeezing through the narrow gaps [Wolf 2013]. The cell mechan-
ical properties, which display interesting properties such as strain/stress-stiffening allows the cell to
rapidly adapt to the extracellular environment. This plasticity in cell migration is summarized in the
tuning model of cell migration proposed by Friedl and Wolf (see figure 3.15). In this model the ECM
architecture such as the geometry and the stiffness combined with cellular determinants, for exam-
ple Cell-ECM adhesion, cellular proteolytic activities define the migration mode adopted by the cell
[Friedl 2010].

Such plasticity in cell migration allows leukocytes to patrol the entire organism despite local
biochemical and mechanical disparities. Unfortunately, this plasticity is also used by metastatic cells
to invade the entire organism. Thus, understanding the transitions in cell migration is required to
understand cancer metastasis and to drive immunotherapies.

3.4.3 1D-3D cell migration

I here, refer to 1D-3D migration as microchannels based migration. This type of migration is relevant
to in vivo interstitial migration when for example cells have to crawl in between thick bundles of
collagen fibers or in between two cells [Wolf 2003]. As said earlier, cells migrating in 3D matrices in a
non-blebbing mode exhibit an actin rich protrusion named pseudopod. However, the complexity of the
3D space makes the full characterization of the shape, component and specificity of such protrusion
harder. Microfabricated devices were introduced to tackle this issue. Indeed, with such systems,
the condition of confinement is fulfilled without introducing any limitation for high resolution, live
cell imaging [Irimia 2007]. Moreover, the simple geometry provided by microfabricated devices
particularly microchannels makes theoretical modeling required to understand interstitial migration
simpler. In the following paragraphs, I will describe how, using microchannels, Wilson et al were able
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Figure 3.15: "The tuning model of cell migration. An integrated multiscale model to combine
multiple interdependent parameters that impact migration mode. Each parameter is experimentally
testable individually; however, in most cases they are interconnected with others. Approximated pa-
rameter profiles of selected migration modes are indicated (colored lines). Modulation by increasing
or decreasing the magnitude of any parameter may impact the resulting migration mode as well as the
input strength of coregulated parameters. The format of the tuning model mimics the popular display
of a graphic equalizer, which is integral to modern media display programs (e.g., Windows Media
Player or QuickTime); the graphic interface serves to adjust the intensity of different wavelengths of
the phono output independently to modify the sound profile. [Friedl 2010]

to propose a detailed description of neutrophils "pseudopod". The simple geometry of microchannels
allowed Hawkins et al to propose a theoretical model of chemnying migration and to Stroka et al

to carry out an experimental and theoretical studies of actin-independent migration giving rise to the
osmotic engine model.

3.4.3.1 Actin slab at the leading edge of neutrophils undergoing interstitial migration

Using microchannels allowed Wilson et al to propose a precise description of neutrophils leading
edge during interstitial migration (see figure 3.16) [Wilson 2013]. This protrusion,in lack of high
resolution imaging, called pseudopod [Irimia 2007] turns out to be quite complex with two zones of
actin polymerization. Indeed, using Fluorescence Recovery After Photobleaching (FRAP) experi-
ments, Wilson et al could show that at the interface between the cell and the channel wall, a dense,
slowly polymerizing actin network, nucleated by Formins, is directed outwardly and perpendicularly
to the channel wall while at the free cell edge, a much faster polymerizing actin network nucleated by
Arp2/3 pushes the membrane forward, in the direction of motion. The adherent (cell-channel wall)
and the free (free cell edge) actin network were shown to mechanically interact. The authors indeed
proposed that the adherent actin network exerts compressive forces on the free network, preventing
its retrograde flow and thus allowing a complete transmission of polymerization to forward leading
edge protrusion.[Wilson 2013]
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Figure 3.16: "Conceptual model of F-actin dynamics in leading edge protrusion during inter-
stitial migration. In confined environments, leading edge protrusion results from the interaction
between the adherent and the free F-actin networks. Nucleation of the adherent network (green) is
directed perpendicular to the channel walls and its thickness increases from front to rear creating
a constriction that compresses the free F-actin network (red). This constriction prevents rearward
movement of the free F-actin network enabling new polymerization under the front membrane to cre-
ate forward protrusion. Compression of the free network by the adherent network creates an outward
pressure on the channel walls (arrows) as well as a protrusive force at the free membrane." From
[Wilson 2013]
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3.4.3.2 Pushing on the walls to move forward

Microfabricated devices were also used to tackle the struggling question in amoeboid migration of
how are forces transmitted to the substrate. Indeed, the control of the geometry of the environment
enabled by such devices allows theoretical studies of amoeboid cell migration to be performed. Using
microchannels allowed Hawkins et al to propose a model for chimneying migration illustrated in
figure 3.17 [Hawkins 2009]. This model is based on actin polymerization which by pushing the cell
membrane along the channel walls allows force transmission to the substrate without requirement for
specific adhesions. In this model, the cell is assumed to be an incompressible viscoelastic material
confined by the channel. Such confinement induces a pressure build up in the gel which will enhance
the cell-substrate friction and thus produce a forward movement of the gel. Such pressure gradient in
microchannels was indirectly visualized using RICM (Reflexion Interference Contrast Microscopy)
which visualizes the gradient of cell-substrate proximity. Hawkins et al indeed showed that the cell
back is much closer to the substrate than the cell front which was interpreted as a sign of higher
pressure at the cell back compared to the cell front. Interestingly, this model did not require myosin II
based contraction which when present, could increase cell translocation rate [Hawkins 2009]. Even
though further direct measurements of the required pressure gradient are needed, this model moved
the field of amoeboid migration a big step forward. Moreover, the visualization of the adhesive
network in HL-60 derived neutrophils which exert outward forces on the wall and compressive forces
to the free network [Wilson 2013] is an evidence that confinement of an active gel can induce by itself
a front-rear pressure gradient required for cell migration.

3.4.3.3 Interstitial migration independent of the actomyosin system: the osmotic engine model

One general idea is that in order for cells to move forward, they need to define an asymmetry. If until
now, most of the studies have focused on the asymmetry of actin generated forces, a recent, ground-
breaking work proposed a new model purely based on osmotic forces. Using again microchannels
which allows a systematic polarization of migrating cells, Stroka et al proposed an integrated exper-
imental and theoretical approach to provide the field with a new view of interstitial migration based
on osmotic pressure gradient [Stroka 2014]. This model is illustrated in figure 3.18.
This study started by showing that the cancer cell lines MDA-MB-231 and S180 are able to migrate in
microchannels without actin polymerization, myosin II based contraction as well as integrins based
adhesions ([Balzer 2012], [Stroka 2014]). Interestingly, the interstitial migration of those cells re-
quires aquaporins as well as the Na+/H+ exchanger. Aquaporins and Na+/H+ exchanger have been
known for years to be essential for cell migration ([Papadopoulos 2008], [Schwab 2012]). The new
contribution of Stroka et al was to visualize a polarized distribution of those channels. Indeed, aqua-
porins as well as the Na+/H+ exchanger were shown to be more concentrated at the cell front that the
rear (see section a of figure 3.18). The authors, thus proposed an osmotic pressure based migration
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Figure 3.17: "Pushing on the wall to move forward. A) Schematic representation of forces required
for cell movement in 2D and under confinement. 2D motility requires adhesion to the substrate,
whereas, under confinement, it can be compensated by forces exerted by the cell body when pushing
laterally on the substrate. B-E) RICM (reflection interference microscopy) measurements of den-
dritic cells migrating along fibronectin-coated microchannels show an inverse correlation between
cell speed and surface of contact with the substrate (contacts appear in dark). B) Slow cells exhibit
large contacts. D) Fast cells present minimal interactions, mostly restricted to the back. C) Dur-
ing bi-phasic migration, slow phases are associated with increased surface contact at the front. E)
Correlative graph of cell speed versus fraction of surface contact." From [Hawkins 2009]



74 Chapter 3. The physics of cell migration

model called the osmotic engine model. The cell, by regulating the net inflow of water at its leading
edge and a net outflow of water at its trailing edge would control its migration. This difference in wa-
ter flow between the leading and the trailing edge is regulated by the extracellular osmotic pressure.
Stroka et al indeed showed that they could induce the cell to change direction by putting and hypo-
tonic medium at the leading edge or a hypertonic medium at the trailling edge. The osmotic engine
model thus proposes that the cell can move forward in microchannels as a result of different extra-
cellular osmolarities at the leading and/or trailing edge and/or front-rear polarization of ions channels
and aquaporins. Both the differential osmolarity and the polarization of ions channels and aquaporins
will induce a differential water flow through the cell resulting in a ions concentration gradient which
in turn induces a gradient of osmotic pressure along the cell. Even though actin polymerisation is
not required for a nonzero velocity of polarized cell, changing direction requires actin polymeriza-
tion. Indeed, repolarization of the ion transporters and aquaporins upon osmotic shock requires actin
polymerization presumably for their transport. [Schwab 2012] One can thus imagine that during in-
terstitial migration, the cell might use a gradient of osmotic pressure to move forward but in presence
of an obstacle, actin polymerization will be used to change direction.
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Figure 3.18: "The Osmotic Engine Model.A) and B) Confocal images and corresponding NHE-1
plot profiles of S180 cells stained for NHE-1 or for actin by phalloidin-alexa 488, A) in isotonic
medium, B) after a hypotonic shock at the leading edge. White scale bars represente 3 µm. White
arrows point to the cell leading edge. C) Schematic of the Osmotic engine Model, based on water
permeation through the cell membrane at leading and trailling edges." Adapted from [Schwab 2012]
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The nucleus has a preferential position in eukaryotic cells. As genetic material container, its in-
tegrity is necessary for the survival of many cells. Mammalian nuclei are highly organized structures.
They are composed by the nucleoplasm, surrounded by the nuclear lamina and two lipid bilayers: the
inner nuclear membrane and the outer nuclear membrane (see figure 4.1). The outer lipid bilayer is an
extension of the endoplasmic reticulum membrane and is connected to the inner nuclear membrane
by the nuclear pore complexes (NPCs) which are large structures that control protein transport across
the nucleus. As a lipid bilayer, the nuclear membrane can be considered as a 2D fluid which thus does
not impact the nuclear mechanical properties [Rowat 2006]. However, the inner nuclear membrane is
tightly coupled to the lamina network which can then induce membrane tension as observed on the
plasma membrane. Indeed, the lamina has been shown to interact with variety of nuclear envelop pro-
teins including emerin, lamin B receptor, nesprins and sun proteins [Isermann 2013]. More data on
the mechanical coupling between the lamina network and the nuclear membrane would be necessary
to determine the existence of nuclear membrane tension ([Rowat 2005], [Rowat 2006]).
In the past decade, the role of the nucleus in cell architecture and mechanical properties became of
high interest because of the identification of a growing number of diseases associated to the nucleus.
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Its role in cell migration is also becoming more and more addressed. Indeed, the nucleus has been
implicated in cell polarity as well as in the ability of cells to move under confinement. In the follow-
ing paragraphs, I will describe the role of the nucleus in cell migration focusing on the mechanical
properties of the nucleus.

4.1 Nuclear mechanics

As said earlier, the nucleus is often the biggest (≈5-20 µm) cellular organelle with an elastic modulus
that can be ten times higher than the cytoplasmic one (see section 3.1.4). For several years, the nucleus
has been predicted to play a major role in cell mechanics [Maniotis 1997].However only 14 years ago,
in 2000, it was realized that the nucleus has mechanical properties that can be distinguished from the
overall cellular ones. In their paper, Guilak et al used micropipette aspiration to show that the nuclear
mechanical property is significantly higher than the cellular one. Using a classical viscoelastic model,
they showed that the nucleus behaves like a viscoelastic solid with a mean elastic modulus of 1-5kPa
[Guilak 2000].
New technological developments, such as micropipette aspiration of the nucleus , were applied to
the nucleus and allowed scientists to decompose the contribution of each part of the nucleus in this
viscoelastic behavior. Even though many components as well as scales can be found in the nucleus
most of the studies in nuclear mechanics focused on the nucleoplasm and the nuclear lamina.
A decade of intensive studies gave rise to a common mechanical view of the nucleus as a viscoelastic
solid embedded in an elastic shell [Verstraeten 2008]. The viscoelastic solid being the nucleoplasm
and the elastic shell the lamina. In the following paragraph, I will review our current knowledge on
the mechanical properties of the nucleoplasm as well as the lamina network.

4.1.1 The nucleoplasm define the nuclear rheological properties

In many ways, the nucleoplasm is similar to the cytoplasm (bio-polymers in aqueous solution).
The nucleoplasm is composed of DNA, arranged in chromatin which can be modeled as bio-
polymers. Those bio-polymers are embedded in a solution containing several proteins and even fil-
aments [Zwerger 2011]. Recently, actin filaments have been shown to assemble inside the nucleus
[Belin 2013]. Even though the mechanical interaction of the different polymers constituting the nu-
cleoplasm is not well understood, many studies performed at the level of the overall nucleoplasm are
revealing details of its mechanical properties.
In my knowledge, the first study on the viscoelastic properties of the nucleaoplasm was performed in
2004 when Tseng et al performed nanorheological experiments in nuclei. By studying the trajectories
of 100nm diameter particles, they proposed that the nucleoplasm is a highly viscous and elastic solid.
They measured a mean shear elastic modulus of 18 Pa and a shear viscous modulus of 52 Pa. They
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were also able to detect the presence of microdomains (domains with higher elastic moduli) which
they proposed to preserve nuclear structural coherence [Tseng 2004].
But this viscous material (i.e. the nucleoplasm) can undergo a transition to a more condensed network.
Indeed in 2006 Rowat et al showed that the nuclear volume decreases by 60-70% during micropipette
aspiration. Following this volume decrease, the nucleoplasm become resistant to further deformation
[Rowat 2006]. They explained this lost of volume and compliance by water lost upon aspiration. In
2007 Pajerowski et al using also micropipette aspiration, showed that the nucleus undergoes a phase
transition between a viscoelastic to a viscoplastic material. Using various not fully differentiated or
lamina depleted epithelial cells, they showed that the nucleus has a fluid-like behavior at short time
scales (less than 10s) but exhibit irreversible deformations at longer time scales. They also reported a
stress-stiffening behavior of the nucleus in TC7 epithelial cells subjected to increased pressure. This
stress-stiffening was mainly attributed to the chromatin so the nucleoplasm [Pajerowski 2007]. The
long time scale plastic behavior being independent of the lamina network was also attributed to the
nucleoplasm. Taken together, these studies point towards a mechanical description of the nucleoplasm
as a viscoplastic material which define the rheological behavior (ability to flow) of the nucleus.
Interestingly, a recent study has proposed that the nucleoplam can behave like auxetic materials (i.e.
materiels which decrease size perpendicular to the applied compression,). Indeed, Pagliara et al have
shown that embryonic stem cells in their metastable state (transition between naive pluripotency and
differentiation proming states) become smaller in their cross-sectional area under compression which
is the characteristic of auxetic materials. As auxetic materials, the nucleoplasm of transition embry-
onic stem cells stiffen under compression [Pagliara 2014].
Although many different mechanical models (viscoelastic, viscoplastic, auxetic) of the nucleoplasm
are emerging, one constant feature is the stress-stiffening behavior of this material. The observed
differences in the intrinsic nuclear mechanical properties can be due to the differentiation state of
the studied cells. Further characterization of the composition of the nucleaoplasm and the interac-
tion between its different components (chomatin, F-actin, Myosin motors) is necessary for a better
understanding of the mechanical behavior of the nucleus.

4.1.2 Mechanical properties of the lamina network

As a polymer network the mechanical property of the lamina relies on the structure of the network
(aligned, entangled, crosslinked) combined with the mechanical properties of single filaments. How-
ever, difficulties in precisely defining the type of network forming the lamina motivated the study
of the lamina network mechanical properties as a whole system. In the following paragraph, I will
describe our current knowledge about the structure of the lamina as well as the mechanical properties
of this network.
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4.1.2.1 Structure of the lamina network

The nuclear lamina is composed of lamin filaments. Lamins are type V intermediate filaments found
predominantly in the nucleus with a particular concentration in the nuclear periphery. In vertebrates,
two groups of genes, LMNA and LMNB1/2, code respectively for the A- and B-types lamins. The
LMNA gene gives rise to the splice variants Lamin A, Lamin C and the less abundant lamin A∆10 and
lamin C2 proteins. The B-type lamins are coded by the LMNB1 and LMNB2 genes and are found in
all cell types [Ho 2012]. A-type lamin expression depends on the level of differentiation of the cell
and has recently been shown to scale up with tissue stiffness [Swift 2013].
The nuclear lamina is the result of the A and B type lamins interaction. As a type V intermediate
filaments, lamins are composed of a short N-terminal domain, a central rod domain and a long C-
terminal domain. Coiled-coil formation of two central rod domain drives lamin dimerization. Head
to tail interaction of dimers leads to a polar filament formation. Two filaments assemble then in an
anti-parallel fashion into non-polar filaments [Ho 2012]. In Caenorhabditis elegans and Xenopus

oocytes lamins have been shown to form thick, approximately 10-nm-diameter filaments. In the large
NPC-free areas of Xenopus oocytes nuclei, lamins networks are seen as a two-dimensional set of
parallel filaments with distinct regular cross-connections [Goldberg 2008]. Such regular network has
not been described in somatic nuclei. Indeed, the electron micrographs of somatic nuclei lamins
usually shows a dense, poorly defined protein network [Zwerger 2011]. The A- and B-type lamin
proteins are proposed to form two distinct but interconnected layers ([Goldberg 2008],[Shimi 2008]).
Expression of somatic lamins in the big Xenopus oocytes nucleus allowed Goldberg et al to propose a
model for the A and B-type lamins structure in somatic cells. Closer to the nuclear membrane, B-type
lamins form thin, highly organized layers whereas A-type lamins form thick bundles and a compact
layer which leaves the NPC clear [Goldberg 2008]. This model still needs to be validated in somatic
cells. Thus more evidences of the detailed structure of the lamin A/C network in somatic cells are
necessary for the understanding of its mechanical properties.

4.1.2.2 Lamina mechanics

In a mechanical point of view, the lamina network in somatic cells was initially viewed as a two-
dimensional solid-elastic material which resists forces like a solid ([Rowat 2005], [Rowat 2008]).
However, the studies from which this model emerged were performed in LMNA overexpressing
cells, it was thus necessary to determine the lamina mechanical properties in cells expressing a basal
level of the LMNA and LMNBs genes. A recent work has proposed a viscoelastic model of the
lamina network where A- and B- type lamins would have a distinct mechanical role [Harada 2014].
According to this model, the A-type lamin network is a viscous material which would flow under
deformation while the B-type lamins constitute is an elastic material which can be represented by a
spring.
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From a solid-elastic representation to a viscoelastic model, the mechanics of the nuclear lamina has
evolved considerably in the past ten years. Further studies on the differential contribution of the
lamina components are needed to confirm this new and interesting model proposed by Harada et al.

Many studies have been performed to determine the role of the lamina network in global nuclear
mechanical properties. Lamins are seen as shock absorber of the nucleus where it can bear up to
50% of the applied stress. Experiments performed in 2004 have shown that lamins downregulation
decreases nuclear stiffness [Lammerding 2004]. Recently, A-type lamins have also been shown
to be important in nuclear stress adaptation [Guilluy 2014]. Indeed, in this studies, Guilluy et al

reported that upon periodic stresses, lamin A/C is recruited at the site of stress application leading
to nuclear stiffening . This lamin A/C dependent nuclear stiffening was shown to go through emerin
phosphorilation by the SRC family kinase. Interestingly, Src-family kinase also mediates cellular
mechanotransduction through integrins [Hoffman 2011]. Until the last year, only lamin A/C has
been implicated in nuclear mechanical properties. Indeed, in 2006, Lammerding et al have shown
that lamin A/C but not Lamin B1 downregulation is responsible for the lamins dependent nuclear
stiffness. However a recent study performed in fibroblasts reported that LaminB1 overexpression
also leads to an increased nuclear stiffness [Ferrera 2014].

Thus, even though a detailed description of the structural and also mechanical properties of the
lamina network are still required, the role of this network in nuclear mechanical properties is now
well accepted. However, more studies will be required to further understand the role of the lamina
network in nuclear mechanics.

4.2 Linking the nucleus to the cytoplasm

In addition to chemical interactions, mechanical interactions between the nucleus and the cytoplasm
are now well accepted. In 1997, Maniotis et al, demonstrated the existence of a direct, physical
connection between the nucleus an the cytoskeleton [Maniotis 1997]. They indeed show that force
exerted on the cytoskeleton (Actin, Microtubules, Intermediate filaments) is transmitted to the nucleus
through a mechanical coupling. Since then, many studies have been performed in order to identify
which protein mediates this nucleo-cytoskeleton interaction. Thirteen years later, we have a good
view of the structure of the LInkers of Nucleoskeleton and Cytoskeleton (LINC) complex. We also
start having a good understanding of how forces can be transmitted from the cytoskeleton to the
nucleus.
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4.2.1 The LINC Complex

At the moment, best accepted model of the LINC complex is based on the SUN-KASH interaction
at the perinuclear space (PNS) (see figure 4.1). As said earlier, the nuclear membrane is composed
of two lipid belayers, the inner nuclear membrane (INM) and the outer nuclear membrane (ONM).
To form a nuclear envelop bridge, proteins are transported from the endoplasmic reticulum either
towards the INM to interact with the Lamina or the ONM for cytoskeletal interaction. The bridge is
complete when proteins in the INM interact with the ones in the ONM through the PNS. In the actual
LINC complex model, Klarsicht, ANC-1, and Syne/Nesprin (KASH) homology proteins at the ONM
interact with Sad1 and UNC-84 (SUN) proteins located at the INM thus make the connection between
the inner and the outer nuclear area (see figure 4.1) [Starr 2010]. Sun and Kash are well conserved
domains that define two protein families: the sun-domain proteins and the Kash domain proteins.

4.2.1.1 The SUN-domain proteins:

Sun proteins are conserved across all eukaryotic cells. They are defined by a stretch of ≈ 175 amino
acids at their C-terminus termed the "SUN domain". This sun domain is also found at the C-terminus
of the C. elegans protein UNC-84 and the S. pombe protein Sad1. The number of Sun proteins scales
up with the level of complexity of the organism [Sosa 2013]. While single cell organisms carry out
only one sun protein variant, 5 sun protein variant are found in the mammalian genome. The expres-
sion of different isoforms is cell type dependent. If Sun1 and Sun2 are usually ubiquitous, Sun3-5
show a more restricted , testis-specific expression pattern [Sosa 2013]. The expression pattern of sun
proteins also vary during development [Starr 2010].
All sun proteins have at least one trans-membrane domain which position them at the nuclear mem-
brane. But the mechanism which leads to their localization at the nuclear membrane is still poorly
understood. Indeed, many sun proteins contain a nuclear localization signal (NLS) which however,
has been shown to not be required for INM localization. The other possibility would be a sun protein
positioning via lamina interaction. But only some sun proteins require a functional lamina for their
localization at the inner nuclear membrane [Starr 2010]. Thus more studies are required to understand
the dynamic of the nucleo-cytoskeleton formation. Understanding this dynamic of formation is neces-
sary to understand how forces are transmitted through the LINC complex. The most accepted picture,
at the moment, for the LINC complex formation is that sun proteins localization at the perinuclear
space drives the recruitment of Kash proteins ([Starr 2010], [Sosa 2013]).

4.2.1.2 The Kash-domain proteins

So far, Kash proteins have been exclusively found in the ONM (see figure 4.1). They are defined
by a C-terminal conserved KASH domain which is a membrane-spanning region followed by 8-30
residues before the C terminus. Kash proteins are supposed to be tail-anchored in the ER where they
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Figure 4.1: "Schematic overview of LINC complex proteins and their connections to the cy-
toskeleton and nuclear interior. SUN proteins at the inner nuclear membrane bind to the nuclear
lamina and other nucleoplasmic proteins while interacting with KASH domain proteins at the outer
nuclear membrane. KASH domain proteins directly or indirectly interact with cytoskeletal filaments,
thereby forming a physical connection between the nuclear interior and cytoskeleton. Please note
that SUN and KASH domain proteins can exist in multiple isoforms encoded by several genes. In
human somatic cells, the most predominant KASH domain proteins are nesprin-1, -2, and -3 and
their various isoforms, and Sun1 and Sun2 are the predominant SUN proteins. Illustrated are only the
largest isoforms for nesprin-1-4; cells express many additional shorter nesprin isoforms, including
some lacking the KASH domain. Smaller nesprin isoforms may also be located on the inner nuclear
membrane. Note that nesprin-1, -2, -4 and KASH5 can also interact with kinesin and/or dynein.
Samp1 and torsinA are involved in the regulation of the LINC complex. Not depicted are KASH5
and the SUN protein isoforms Sun3-5, as their expression is restricted to germ cells. The nuclear
lamina comprises A-type and B-type lamins. Note that torsinA can be localized in the endoplasmic
reticulum and the perinuclear space, with the distribution varying depending on expression levels."
From [Isermann 2013]
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are post-translationally inserted by Asna1-GET3 [Starr 2010]. They localized in the ONM with their
conserved Kash domain into the perinuclear space. Interestingly, inserting a Kash domain in a given
protein is sufficient to target it to the ONM [Starr 2010]. The N-termini of Kash proteins are highly
variable in length and domain composition [Cartwright 2014].
As said earlier, the central hypothesis of the LINC complex model is that Kash proteins recruitment
at the ONM requires Sun proteins. Even though the dynamic of this interaction is not yet known, the
recently published crystal structure of the sun-kash complex showed that the sun-kash interaction is
stable and strong. Indeed, three Sun proteins form a homotrimer with three deep grooves in which
three Kash peptides are inserted (see illustration in figure 4.2) [Sosa 2013]. As the trimerization of
sun proteins is a prerequisite for kash binding [Sosa 2012], the central hypothesis of the LINC com-
plex formation is still valuable.
What initiates Kash and Sun interaction is still an open question. Both proteins have diffusional mo-
bilities similar to other nuclear membrane proteins suggesting that they are more likely in dynamic
complexes. TorsinA, an homologue to AAAATPases which is localised at the ER lumen and shows a
binding affinity for Kash domains is a potential regulator of the LINC complex assembly and disas-
sembly [Gundersen 2013]. To date, six Kash proteins have been reported in mammals, each of them
has a distinct role in binding the cytoskeleton. Four of the human Kash proteins have multiple spectrin
repeats and are thus called nesprins for NE spectrin repeat proteins [Sosa 2013].
Nesprins 1 and 2 are giant proteins (between 800 and 1000 kDa) coded by the SYNE1 and SYNE2
genes. They exhibit a large cytoplasmic domain which is predicted to be composed by their spec-
trin repeat motifs. They are thus supposed to form flexible and extensive fibers into the cytoplasm.
Near the nesprin-1 and 2 N-termini is a domain homologous with Calponin (calcium binding protein)
which mediates their binding to actin [Starr 2010]. In addition Nesprins 2 binding to F-actin has been
shown to drive nuclear positioning in fibroblasts [Luxton 2010]. Nesprin-3 is shorter than nesprin1-2
and binds to intermediate filaments through plectin. Nesprin-4 coded by the SYNE4 gene is a cell
type specific nesprin (it has until now been seen in highly secretory cells and hair cells) and binds
to kinesin which in turn binds to microtubules. KASH5 binds to Sun1 in the PNS and to the dynein
regulator dynactin. KASH5 is germ-cell specific and is involved in meiotic homologue pairing. The
latest characterized KASH protein, the Lymphoid-restricted membrane protein (LRMP) has been re-
ported to be necessary for pronuclear congression in fertilized egg. Even though its binding to sun
proteins is not yet shown, its involvement in nuclear positioning makes it appear as a KASH protein
family [Sosa 2013]. More and more attention is now put on identifying the proteins composition of
the LINC complex. Emerin, Samp1 and others are emerging as component of this complex which
complete identification is at high interest for different communities in biology. Indeed, defining how
the nucleus is connected to the cytoskeleton is important for understanding how this organelle is po-
sitioned in many cellular processes including cell migration. A nucleo-cytoskeleton physical link can
be also important to organize the nuclear interior and to regulate the force transmission from the ex-
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Figure 4.2: "Sun-Kash crystal structure a) Overview of a human SUN2 protomer isolated from its
Nesprin-2 binding partners in the trimeric SUN/KASH complex. The protein is organized around
a compact β-sandwich core, decorated with features important for function (labeled). Bound cation
depicted as a green sphere. b) View from the ONM facing the bottom of the trimeric SUN2 ar-
rangement (blue colors) with three individual KASH peptides (orange) bound. c) Side view of the
SUN2/KASH2 complex. It is easy to recognize how deeply the three KASH peptides are buried in
clefts formed between neighboring SUN2 protomers. d) Explosion view of the KASH peptide in-
teracting with neighboring SUN domains in the SUN2 trimer. Areas on the SUN domains in close
contact with the KASH peptide are highlighted in orange. Note the L-shaped, extended conformation
of the bound KASH peptide. Important residues for SUN interaction are labeled in the zoomed, stick
representation of KASH2." From [Sosa 2013]
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tracellular environment to the nucleus. This could ultimately allow us to understand how a possible
mechanco-genetic feedback can be controlled at the level of the cell.

4.3 Nuclear mechanics in health and disease

As said earlier, the interest in defining a physical link between the nucleus and the cytoskeleton was
triggered by the discovery of diseases related to lamins or LINC complex mutations. In 1994 Bione
et al identified emerin as the gene which mutations give the hallmark of the Emery-Dreifuss muscular
dystrophy (EDMD) pathology [Bione 1994]. Five years later, in 1999, Bonne et al followed showing
that mutations in the LMNA gene also leads to the EDMD pathology [Bonne 1999]. Nowadays, a
growing numbers of diseases are associated with mutations in genes encoding for the lamina proteins
(LaminA/C, LaminB1/LMNB2) as well as lamins associated proteins including Nesprins 1, 2,
Emerin, Lamin B receptor, Luma, Lap2 − α, Man1, BAF ([Schreiber 2013], [Méndez-López 2012]).
To date, more than 400 mutations have been identified on the LMNA gene. These mutations, related
to at least 15 known diseases called laminopathies and position the LMNA gene as the most mutated
gene known to date [Ho 2012].

4.3.1 Laminopathies

Patients affected by laminopathies show a wide range of symptoms but the most recurrent one is mus-
cular dystrophy which affects cardiac or skeletal muscle [Schreiber 2013]. Cells from laminopathies
patients often carry out abnormal nuclear morphology and altered distribution of nuclear envelope
proteins such as lamins, nesprins and sun proteins. This phenotype might result from impaired
nucleo-cytoskeleton force transmission, a process important in cell migration. For example, depletion
of LMNB1,2 in mice result in neuronal migration defect and causes lissencephaly-like phenotypes
(severe psychomotor retardation, seizures, muscle spasticity, and failure to thrive) [Schreiber 2013].
Moreover, changes in lamin expression level have been reported in a variety of cancer including skin
and ovarian cancer, leukemia, lymphomas, breast cancer and others. Interestingly, the changes in
lamin expression correlated with the tumorigenic potential and malignant transformation. For exam-
ple, the LMNA gene is upregulated in skin and ovarian cancer but downregulated in leukemia and
breast cancer [Ho 2012].
Even though the molecular mechanisms of those pathologies are not well understood, many theories
are emerging trying to explain how mutations in the LINC complex can lead to such pathologies.
Firstly, by disrupting the LINC complex, those mutations might change the force transmission be-
tween the nucleus and the cytoplasm. Secondly, because the lamina plays a major role in nuclear
mechanics, disrupting this meshwork can ’weaken’ the nucleus. Lastly, lamins being implicated in
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many gene transcription pathways, mutations in the Lamin genes can impair many signaling path-
ways. Those possibilities are now converging towards two theories for explaining tissues specific
aspect of laminopathies: the structural hypothesis and the gene regulation hypothesis [Ho 2012].

4.3.1.1 The structural hypothesis

This hypothesis is based on the assumption that LMNA mutations weaken the nucleus which is thus
more sensitive to mechanical stresses. This higher mechanical stress sensitivity would lead to cellular
death and thus progressive disease. This theory is supported by the fact that skeletal muscle cells from
patients with Emery Dreifuss muscular dystrophy (EDMD) as well as mouse models of this disease
contain fragmented nuclei. Moreover, downregulation of Lamin A/C has been shown to decrease
nuclear stiffness [Ho 2012]. However, establishing a clear correlation between structural defects and
associated phenotypes in LMNA mutations is not straight forward.
In one hand cells lacking lamin A/C have softer and more fragile nuclei than the control cells
[Lammerding 2006]. On the other hand, cells from patients with the Hutchinson Gilford progeria
syndrome (HGPS) exhibit much stiffer nuclei which are still more susceptible to mechanically in-
duced cell death [Verstraeten 2008]. A recent publication from Denis Discher’s lab brings new data
which could explain this apparent antagonism. Harada et al showed that lamin A/C downregulation
has a biphasic effect in both cell migration and cell survival in 3D environments. Indeed, partial
knockdown of the LMNA gene resulted in an increase in cell passage through narrow pores while
higher knockdown as well as overexpression of LMNA impaired cell migration in 3D. They also
showed that decreasing LMNA expression increases the number of dead cells after passage through
the narrow pores. They thus proposed that Lamins would impede 3D migration but also promote
survival against migration-induced stresses [Harada 2014]. One could thus think that Hutchinson
Gilford progeria syndrome disease might be caused by defects in cell migration as nuclei are stiffer
while Emery Dreifuss muscular dystrophy would be caused by stress induced cell death of muscle
cells. One important point is still why are cells from patients with progeria susceptible to mechan-
ical stress induced death. The structural hypothesis alone is then insufficient to explain the diverse
phenotypes observed in laminopathies.

4.3.1.2 The genome regulation hypothesis

This theory postulates that the development of different disease phenotypes observed in lam-
minopathies is due to a perturbed interaction with tissue specific transcription factors. In favor of this
theory, lamminopathies are always associated with misregulation of common signaling pathways in-
cluding the mitogen activated protein kinase (MAPK), the transforming growth factor beta (TGF−β),
Wnt − β − catenin and the Notch pathways which are crucial regulators of proliferation, differenti-
ation and apoptosis [Ho 2012]. This might be related to the role of lamins in gene expression. In
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addition, many laminopathies including HGPS, familial lipodystrophy and mandibuloacral dysplasia
are associated with lost in heterochromatin. This phenotype is also observed in cells lacking A-type
lamins. Changes in chromatin organization could thus modulate gene expression, the frequency of
DNA damage as well as the efficiency of DNA repair [Ho 2012].

The genome regulation hypothesis and the structural hypothesis are actually not exclusive. Indeed,
several other pathways including some involving mechanosensitive proteins such as the one coded by
Egr1 and Iex1 are also impaired in cells and mice lacking A-type Lamins. One could imagine that the
observed defects in signaling pathways is due to the mechanical uncoupling between the cytoskeleton
and the nucleus. Indeed, a defect in mechanical force transmission can lead to the rupture of the
connection between the lamina and the chromatin and thus a misregulation of gene transcription.
In one way or another, disrupting the LINC complex can lead to many consequences among which
defects in cell migration. In the following section I will focus on the importance of the nucleus in cell
migration. In one hand, the nucleus can facilitates cell polarization but on the other hand, having to
drag such a huge and stiff organelle can limit cell migration.

4.4 The nucleus during cell migration

One specific cellular process where both nuclear mechanics and nucleo-cytoskeleton connection play
an important role is cell migration. Indeed, cell migration is based on mechanical force transmission
between the extracellular environment and the cell. Because the nucleus is the stiffest and most volu-
minous organelle in the cell it may have special requirements to force transmission. Moreover, recent
publications are pointing towards the idea that the nucleus might be the limiting factor during cell
migration. Indeed, when a cell has to move in a highly confined space, deforming and transporting its
nucleus might require additional forces ([Le Berre 2013], [Wolf 2013]). In this line of understanding
how forces are transmitted from the cytoskeleton to the nucleus, a lot of efforts were put in identifying
specific perinuclear structures involved in nuclear deformation, transport and/or positioning. In the
following section, I will describe how, in migrating cells, the nucleus is well positioned.

4.4.1 Nuclear positioning

In textbooks, the nucleus is usually represented at the center of the cell. However, more and more
data are now showing that its position inside the cell is tightly regulated (illustrated in figure 4.3). A
molecular toolbox, which detailed identification is rapidly growing, is used by cells to either main-
tain the nucleus at a given position or move this organelle whenever it is needed [Gundersen 2013].
This molecular toolbox is though to contain in one hand elements of the cytoskeleton and on the
other hand proteins of the nuclear envelope. Actin filaments, microtubules and some motors proteins
such as kinesin and dyneins are the main cytoskeletal elements found in the nuclear positioning tool-
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Figure 4.3: " Diversity in nuclear positioning. Rearward nuclear position is typical of migrating
cells. (Left) Schematic of a migrating cell with protruding leading edge and contracting tail. (Red)
Actin filaments. (Right) Montage of migrating cells with front-back dimensions normalized. Dotted
line represents the midpoint between the front and back. Nuclei are positioned along the front-back
axis but always rearward of the cell center. From [Gundersen 2013]

box. Intermediate filaments have also been implicated in nuclear positioning and nucleo-cytoskeleton
force transmission but their requirement remains elusive particularly in the context of cell migration
([Dupin 2011], [Maniotis 1997]). Thus, microtubule and actin filaments working either in coordina-
tion or independently mediate most of the described nuclear positioning events. The LINC complex
is so far the protein complex at the nuclear envelope which has been implicated in nuclear positioning
[Gundersen 2013].
Nuclei are positioned for specialized cellular function. For example, after fertilization, the male
pronucleus nucleates microtubules from its centrosome to move towards the middle of the cell where
it will be joined by the female pronucleus. This central positioning of the male and female pronuclei
is required for zygote formation. In drosophila, a proper cellurization of the embryo requires the po-
sitioning of nuclei towards the cortex of the embryo before the invagination of the plasma membrane.
In the developing retina of the zebrafish, a proper nuclear positioning during interkinetic nuclear mi-
gration regulates cell-cycle as well as cell fate determination [Dupin 2011].
In the context of cell migration, a proper nuclear positioning has been implicated in cell polarization
which is a crucial step for this process. In the following section, I will review our current knowledge
of the mechanism of nuclear positioning during cell migration.

4.4.1.1 Microtubules based nuclear positioning

Many nuclear positioning processes are based on microtubules driven forces [Dupin 2011]. However,
only one of those processes is implicated in cell migration: nucleokinesis during neuronal migration.
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Newly created neurons leave the proliferative epithelium to disperse throughout the central nervous
system. This migratory process occurs through three, well synchronized steps. At first, the neuron
extends a protrusion at its leading edge, then the nucleus translocates into this protrusion and finally,
the trailing edge is retracted. The process of nuclear translocation into the leading edge is named
nucleokinesis and exhibits a two-stroke form of migration. At first a cytoplasmic swelling is formed
at the leading edge then the centrosome as well as other organelles including mitochodria, the golgi
apparatus and the endoplasmic reticulum move into the swelling. During the second step, the nucleus
follows the centrosome [Marín 2010].
To achieve such a movement, microtubules as well as many microtubules associated motors are re-
quired [Marín 2010]. The displacement of the centrosome towards the swelling is mediated by dynein
and its regulator lissencephaly 1 (Lis1). Following centrosome movement, the nucleus is pulled by
dyneins associated with the microtubule network. The nucleus is believed to be transported on mi-
crotubules by dyneins as any cargo would be [Gundersen 2013]. It is necessary to note that this nu-
cleokinesis event also requires actomyosin contraction which drives the nucleus forward (illustrated
in figure 4.4) [Marín 2010].

4.4.1.2 Actin based nuclear positioning

Many migrating cells exhibit a nucleo-centrosome axis which is aligned with the front-back cellu-
lar axis. Actin-based nuclear positioning has been implicated in maintaining this polarity during
cell migration ([Gomes 2005], [Luxton 2010]). Studies from the Gundersen lab have shown that the
rearward movement of the nucleus prior to the nucleo-centrosome axis formation requires an active
mechanism based on the actin cytoskeleton. In 2005, Gomes et al, identified a pathway involving the
small GTPase Cdc42, its effector MRCK, which phosphorilates myosin II, as the molecular pathway
required for nuclear positioning prior to fibroblast polarization. They proposed that the actin retro-
grade flow induced by myosin II contraction upon activation by MRCK is generating the required
force for moving the nucleus backward [Gomes 2005]. A mechanism proposing how this force is
transmitted to the nucleus arose five years later. In 2010, Luxton et al identified a linear array of nu-
clear envelope proteins called TAN lines which harness retrograde actin flow for nuclear movement
[Luxton 2010].

4.4.1.2.1 The Transmembrane Actin-associated Nuclear (TAN) lines TAN lines are a set of
transmembrane proteins which connect the nucleus to the nucleoskeleton in migrating fibroblasts.
Those lines have initially been shown to contain nesprin-2 and sun2 and more recently, Samp1, a
nuclear envelope protein has also been shown to be a member of the TAN lines ([Luxton 2010],
[Borrego-Pinto 2012]). TAN lines form linear arrays which co-localize with actin filaments at the
dorsal surface of the cell. During fibroblast migration, the TAN lines move with the nucleus and are
supposed to transmit forces from the retrograde actin flow to the nucleus. Interestingly, the formation
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Figure 4.4: "Nucleokinesis in migrating neurons. Nucleokinesis involves both perinuclear and nu-
cleus translocation. First, the perinuclear dilatation containing the centrosome and the Golgi apparatus
move forward. The perinuclear microtubular cage (in green) pulls the nucleus forward until reaching
the swelling. Forward pulling forces (green arrow) are complemented by myosin II at the rear, which
generates pushing forces (red arrows) to move the nucleus in its characteristic saltatory pattern of
nucleokinesis. Many motor proteins and other proteins related to the cytoskeleton are implicated in
the process. (N) nucleus." From [Marín 2010]
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of those actin bundles requires Myosin II activated by CDC-42 through its associated kinase the my-
otonic dystrophy related kinase Cdc42-binding kinase (MRCK). In addition, the TAN line mediated
nuclear movement requires the A-type lamins for efficient force transmission from the actin retro-
grade flow to the nucleus [Luxton 2011].
Thus the TAN lines, by transmitting forces from the Myosin II-dependent actin retrograde flow
to the nuclear lamina allow an efficient nuclear positioning followed by an efficient migration
([Gomes 2005], [Luxton 2010], [Luxton 2011]).
In astrocytes, a similar actin flow dependent nuclear positioning has also been observed. However,
this system does not require myosin II but nesprins as well as intermediate filaments. In this sys-
tem, actin retrograde flow is proposed to drive the accumulation of intermediate filaments around the
nucleus and therefore transmits forces to the nucleus [Dupin 2011].

4.4.2 The nucleus in mechanotransduction

As said in section 3.3, the nucleus might have an important role in cellular mechanotransduction dur-
ing migration. During cell migration, forces exerted by the extracellular matrix must be transmitted
to the cell to promote motion [Maniotis 1997]. Given the central role of the nucleus in transcriptional
regulation, it has long been proposed that the nucleus can act as a cellular mechanosensor. However
because forces are usually applied at the cell periphery, they must reach the nucleus to be sensed by
this organelle.

4.4.2.1 Can the nucleus feel the force?

The main argument against nuclear role in mechanotransduction is that if we consider the cell as a
viscoelastic cytoplasm filled with dynamic cytoskeletal elements and surrounded by an elastic plasma
membrane, mechanical stresses would dissipate rapidly throughout the cytosol. The nucleus would
thus not feel a force applied on the cell [Wang 2009].
However, already in 1997, nuclei have been shown to respond to mechanical stresses applied on the
cell [Maniotis 1997]. Moreover, even though cytoskeletal elements are rapidly polymerizing and de-
polymerizing, they have been shown to bear significantly high tensile and compressive forces. Indeed,
actin as well as microtubules or intermediate filaments have been shown to possess the ability to either
stress-stiffen or stress-soften under mechanical load (see section 3.1.1). The cell could then locally
tense cytoskeletal filaments to regulate force transmission. If we consider the cell in the context of the
tensigrity model (see section 3.1.2), long distance force transmission can occur in time scales much
shorter than the diffusion one. Thus, one can imagine that forces exerted at the surface of the cell
might reach the nucleus before vanishing. Many recent evidences support this tensigrity model. For
example forces applied on integrins can induce mitochondria as well as nuclei displacement up to 20
µm away from the site of force application [Wang 2009]. This tensigrity model, combined with our
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actual understanding of the physical link between the cell and the nucleus can then explain how forces
could be transmitted to the nucleus ([Wang 2009], [Isermann 2013]).
LINC complex disruption has been related to defects in intracellular force transmission. For instance,
LINC complex disruption can interfere with stretch-induced proliferation. In endothelial cells, ne-
sprin3 downregulation impairs the shear flow induced cell polarization of the centrosome as well as
flow induces migration [Morgan 2011]. Moreover, cells lacking lamin A/C or emerin have impaired
activation of mechanoresponsive genes such as the one involving the myocardin-related transcription
factor-A [Isermann 2013].
In the past decade an actin structure named actin cap has been proposed to directly mediate force
transmission to the nucleus.

4.4.2.1.1 The actin caps The actin cap is a perinuclear actin structure which has been charac-
terized in 2009 by Khatau et al as a regulator of nuclear shape in fibroblasts [Khatau 2009]. It is
composed of stress fibers in the apical region of the cell (on top of the nucleus) which terminate
at specific focal adhesions (i.g. these focal adhesions contain zyxin at earlier stages of their for-
mation) [Kim 2012] and are connected to the nucleus through nesprins-2-giant and nesprins-3. The
formation of this actin cap has been shown to be acto-myosin contractility and LINC complex de-
pendent [Khatau 2009]. For instance, the organization of this dome-like structure is disrupted in cells
from mouse model of progeria or muscular distrophy [Khatau 2009]. Note that this actin structure
if different from the actin cables connected to the nucleus by the TAN lines. They are indeed, per-
pendicular to each other. Moreover, TAN lines have not been reported to be linked to focal adhesion
[Luxton 2011].
The actin cap has recently been implicated in mechanotransduction. Indeed, it has been shown to
be more sensitive to substrate stiffness than conventional stress fibers. The actin cap disappears as
surface compliance decreases while the conventional stress fibers stay much longer (see figure 4.5)
[Kim 2012]. Thus this structure through its specific focal adhesions seems to respond to higher trac-
tion forces than conventional stress fibers. However, actin caps respond to lower shear forces than
basal stress fibers. Indeed, last year, Chambliss et al proposed that upon shear stress, the actin cap
forms rapidly (within two minutes) in previously serum-starved mouse embryonic fibroblasts (MEFs)
much faster than the basal stress fibers (which form thirty minutes after shear flow) [Chambliss 2013].
Moreover, this actin cap forms at lower shear stresses (0.01 dyn/cm2 = 10−3 Pa) than basal stress fibers
(1 dyn/cm2 = 10−1 Pa). In addition, actin cap formation was mediated by zyxin (which is recruited to
focal adhesions at high traction forces) at low shear stress and by talin (which in contrary is one of the
first proteins recruited at focal adhesions) at higher shear stresses. It was thus proposed by Chambliss
et al that the actin cap is involved in force transduction from the extracellular space to the nucleus
and this force transduction is ultrafast (within 30s), ultrasensitive (low shear stress) and mediated by
zyxin [Chambliss 2013]. More evidence about the involvement of the actin cap in mechanotransduc-
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tion pathways (such as the MAPK pathways) would be required to assess its role as force transducer.

4.4.2.2 How could the nucleus react to forces?

Because the general definition of mechanotransduction is translation of mechanical force into
biochemical signaling, it is important to understand how nuclei biochemically react to forces.
The number of possible mechanisms is huge [Wang 2009]. Indeed, forces applied at the nuclear
membrane can induce a conformational change in nuclear membrane proteins such as the ions
channels. Supporting this theory, nuclear membrane ions channels have been shown to respond to
mechanical forces. Indeed, when nuclear membrane distortion is induced by a mechanical load,
the calcium entry inside the nucleus is stimulated which induces gene trancriptions [Wang 2009].
On the other hand, the ion flux through nuclear membrane can be modulated by altering the actin
cytoskeleton. One can thus imagine that because the channels are mechanically coupled to the
nuclear lamina and presumably to the cytoskeleton, pulling on the cytoskeleton can induce channels
distortion which can promote ions influx.
The lamina network can be affected by mechanical loads which can induce its stretching and
weakening ([Rowat 2005], [Swift 2013]). It has also been shown that the expression level of the
A-type lamins relative to the B-type one scales up with tissue stiffness [Swift 2013]. Moreover,
applying a mechanical load on the nucleus has been shown to induce nuclear stiffening through lamin
A/C recruitment at the site of force application [Guilluy 2014].
Because the A-type lamins bind transcription factors as well as emerin which in turn interacts with
splicing factors, mechanical deformation of the lamina network can result in altered gene expression
and protein isoform expression through sequestration or modification of the transcription or splicing
factor [Wang 2009]. Forces could also transfer to the DNA backbone which could induce DNA
conformational change thus modulate gene expression by changing for example the binding kinetic
of transcription factors.

In the context of cell migration particularly 3D migration, the role of the nucleus in mechanotrans-
duction is more than important. Indeed, cells having to crawl through narrow spaces will deal with
quite high forces. In addition, deforming the nucleus through spaces which are smaller than the char-
acteristic nuclear diameter can require additional forces. Understanding how forces are transmitted
to the nucleus and what are the consequences of mechanical loads on the nucleus can improve our
understanding of in vivo migration processes in immune cells as well as in cancer metastasis. It can
also provide new insight in our understanding of laminopathies.
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Figure 4.5: "Actin caps in mechanotransduction. Schematic of the cellular mechanosensing in
response to substrate compliance. Well-organized actin cap fibers (green) on top of the nucleus are
terminated by actin caps associated focal adhesion (ACAFAs, red) at the pheriphery of the adherent
cell and nucleus (blue) is elongated in the same direction as actin cap fibers (Left). As substrate com-
pliance increases, ACAFAs and actin cap fibers disappear, but conventional focal adhesion (CFAs)
(yellow) and basal actin fibers (black) remain and the nucleus becomes rounded (Middle). On ex-
tremely soft substrates, most actin stress fibers and focal adhesions disassemble and the nucleus is
more rounded (Right). Inset. Physical connections between actin cap stress fibers and nucleus through
the linker of nucleoskeleton and cytoskeleton (LINC) complexes. PNS: perinuclear space; INM: in-
ner nuclear membrane; ONM: outer nuclear membrane. By disrupting LINC complexes, actin cap
fibers become disorganized and mechanosensing controlled by actin cap associated focal adhesions is
suppressed." From [Kim 2012]
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4.4.3 The nucleus as limiting factor for cell migration

In the context of 3D migration which has been at the center of my PhD project, the nucleus plays a
major role. Indeed, the deformability of the nucleus can in one hand impose a physical limitation to
cell migration but on the other hand, having the nucleus anchored to the cell can be exploited for cell
polarization. Even though the idea that 3D migration can differ in many points from the well known
2D migration is well accepted, the idea that the main difference might come from the nucleus only
recently emerged.
For example, having less lamin A has been shown to promote 3D cell migration ([Harada 2014],
[Rowat 2013]). During the last year, Le Berre et al proposed that the nucleus can define the cell
persistence during migration under geometrical constrains [Le Berre 2013]. During the same period,
Wolf et al proposed that when cancer cells encounter constrictions smaller than their nuclei while
moving a dense collagen gels, they will either degrade the matrix or deform their nuclei to move
forward. Indeed, when the proteolytic activity of those cells were inhibited, the large and stiff nucleus
which requires substantial deformation imposed limitations to cell migration. Forward movement
became completely inhibited when a cell encounter constrictions cross-section smaller than 10% of
the initial nuclear cross-section [Wolf 2013]. They also proposed that in non-proteolytic migration,
the displacement of this organelle requires specific forces provided by acto-myosin contraction.
This substantial work, focused on cancer cells, illustrates the plasticity of the migration mechanism of
those cells and at the same time raises many questions. Indeed how does the acto-myosin contraction
transmit forces to the nucleus? What are the directions of these forces (pushing or pulling forces)?
Which nuclear property or component sets this limit of 10% of the nuclear cross-section? And also
what are the effects of those forces on the nucleus? These are some of the questions which might be
asked. One can also wonder to which extend is this mechanism shared among cells. Indeed, immune
cells are other cell types which have been shown to migrate in highly confining spaces. Dendritic
cells, in particular, are found in many dense tissues in which they have to continuously migrate.
Dendritic cells do not exhibit high proteolytic activities and moreover do not require adhesion to
migrate in vivo [Lämmermann 2008]. Thus the question of what is the role of the nucleus in dendritic
cell migration is important for a detailled understanding of the immune system.
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Objectives

When I started my PhD, relatively few evidences on the role of the nucleus in cell migration existed.
For instance, nuclear positioning was shown to be important for cell polarization prior to wound heal-
ing driven fibroblasts migration ([Gomes 2005], [Luxton 2010]). The contribution of the nucleus in
cellular mechanical properties had driven the hypothesis that this organelle would limit cell migration
particularly in 3D environments (see the section 4 of the Introduction). In 2008, Lammermann et

al. had proposed that nuclear deformation in mature dendritic cells migrating through dense collagen
gels requires myosin II based contraction [Lämmermann 2008].
Beside these evidences, direct proof of the limiting factor of the nucleus during 3D migration was
still lacking. In addition, a mechanism of nuclear deformation during migration under confinement
was far from being proposed. Moreover, the question of the effect of nuclear deformation during 3D
migration on genome integrity and cell fate was not addressed.
It is in this emerging, interesting and challenging context that I started my PhD aiming to understand,
at its end, how does the nucleus regulate cell migration in highly confining spaces. Is the nucleus
imposing a physical limitation to cell migration under confinement and how are necessary forces gen-
erated and transmitted by the cell to allow migration in highly confining spaces were the two main
questions I asked during this PhD.
I used a set of approaches at the interface between engineering/physics, cell/molecular biology and
image analysis to address my questions. I optimized the constrictions based setup, which was de-
signed before my arrival in the lab, to be able to visualize and quantify the kinetic of cellular mi-
gration through narrow pores and the subsequent nuclear deformation. Mouse Bone Marrow derived
Dendritic cells (mBMDCs) were chosen as model system for their high motility and their in vivo rel-
evance to cell migration under confinement.
Combining those interdisciplinary approaches allowed me to propose a model for dendritic cells mi-
gration in highly confined spaces. In this model, cells would overcome the physical limit imposed
by nuclear deformation by nucleating an Arp2/3 based actin meshwork around the nucleus which, by
breaking the lamin A/C network, facilitates dendritic cells passage through narrow pores. We pro-
posed that this transient nuclear softening allows cells to efficiently pass micrometric constrictions
while surviving long enough to accomplish their functions.
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This chapter describes the main methods used during my PhD.
The aim of my PhD project being to study the mechanism of cell migration through narrow pores, it
thus required to set up a well defined protocol. The first step towards this final protocol is the choice
of the right cell type which will be used. In this study, I mainly focused on dendritic cells because of
their in vivo relevance to cell migration.
Once the cell type chosen, the type of extracellular environment must be defined. This extracellular
environment must provide cellular confinement with a well controlled geometry and should allow
high resolution microscopy. Microchannels, which fulfill these three requirements were chosen in
this study.
Combining microfabrication to live cell imaging of dendritic cells which can be genetically modified
I was able to tackle this question of cell migration through highly confined spaces. In the following
sections, I will describe the details of the experimental setup from the generation of the subset of
dendritic cells which we use in the lab to the final visualization and analysis of cells transmigration
through constrictions.
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6.1 Cellular models for cell migration

The study of transmigration requires the choice of transmigrating cells such as leukocytes and
metastatic cells. However, most of the metastatic cells have been reported to display a collective
migration phenotype [Friedl 2010] in which single cell force generation leading to forward move-
ment can hardly be uncorrelated from forces generated by neighboring cells. Moreover, cancer cells
are slow moving cells compared to leukocytes with, for example, 10 order of magnitude between the
mean velocity of MBA-MB-231 breast cancer cells and polymorphonuclear cells [Wolf 2013]. Be-
cause, I was mainly interested in rapid single cell transmigration, leukocytes were then the ideal cell
type. As said in the chapter 2 of the introduction, different types of leukocytes exist in vivo. Among
those leukocytes, neutrophils and dendritic cells are of high interest. Indeed, they are highly motile
cells migrating in an amoeboid manner in highly confining spaces such as dense connective tissues.
In the following, I will describe the way we generated dendritic cells as well as neutrophils.

6.1.1 Dendritic cells as model system

Dendritic cells are obtained from mouse bone-marrow cells using a protocol first described by
[Inaba 1992]. Mouse bone-marrow cells are maintained in culture for 10 days in IMDM medium
supplemented with 10% fetal calf serum and 50 ng/mL of granulocyte-macrophage colony stimulat-
ing factor (GM-CSF). This medium supplemented with 1% of a penicillin/streptomycin cocktail to
avoid bacterial contamination will be refers to as differentiating medium. As previously described in
[Faure-André 2008], GM-CSF is provided in a supernatant of J558 cells transfected with a GM-CSF-
coding plasmid. At days 4 and 7 of culture, cells are detached with PBS-EDTA(5 mM) and replated at
5.105 cells per milliliter of differentiating medium. At day 10, 90% of adherent cells express CD11b,
an integrin family member, as well as MHC class II at high levels. If CD11b is widely expressed in
most of the leukocytes (monocytes, neutrophils, natural killers, granulocytes ans macrophages), high
level of MHC class II expression is specific to dendritic cells [Inaba 1992]. This protocol, which will
be detailed in the annexes of this manuscript, allowed the production of a high amount of dendritic
cells (� 4.107 cells from one leg of a 6 weeks old mouse). The so obtained dendritic cells can be used
at day 10 and 11 as immature dendritic cells.

6.1.1.0.1 Dendritic cells maturation When studying mature cells transmigration, D-10 dendritic
cells (immature dendritic cells at day 10 of culture) are treated with 100 ng/ml of lipopolysaccharide
(LPS). LPS is a component of bacterial cell wall which, upon binding to dendritic cells’ TRLs is rec-
ognized as a danger signal leading to dendritic cells activation. Activated dendritic cells increase their
expression of the costimulatory molecules CD86 and CD40 as well as the chemokine receptor CCR7.
This increased expression of CCR7 has been shown to mediate dendritic cells migration toward the
lymph vessels and lymph node [Weber 2013]. Moreover, activated dendritic cells display a transient
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decrease, followed by an increase in cell velocity ([Faure-André 2008], [West 2008]). During my
thesis, I used two protocols of LPS mediated dendritic cells activation. The first one, which is the
most commonly used, consists of an overnight treatment with LPS at 100 ng/ml while the second
one consists of a short (20 minutes) pulse of LPS. Both treatments lead to the same extend of cell
activation however, the cells migratory behaviors are different. Indeed, with the overnight treatment,
cells are much bigger, strongly adherent while cells treated with the short pulse are much smaller and
more motile. I used the overnight LPS treatment in transwell experiments (see below) as this protocol
is commonly used. However, because overnight treated cells were not entering the microchannels I
decided to switch to the short pulse treatment.

6.1.1.0.2 Genetic manipulation of dendritic cells A common approach when studying a mech-
anism is to perturb the system and observe the readout. Genetic manipulations allow such approach.
Indeed, by increasing or decreasing the expression of a given protein, we can understand the role of
this protein in the studied mechanism. Protein overexpression is for instance extensively used to study
protein localization while protein silencing is a great tool to study protein function.
During my PhD, I performed both approaches. I indeed, used small interferent RNA transfection
(siRNA) to silence some proteins such as Arp4C a subunit of the ARP2/3 complex or LMNA which
code for the A-type lamins. The detailed protocol for siRNA transfection will be given in the annexes.
Illustrating images of the siRNA based protein silencing will be provided in the result chapter of this
manuscript.
In order to visualize the localization of Arp2/3, I also transfected immature dendritic cells with Arp3.
However, the faint signal combined to the localization of the protein in cellular compartments which
resemble to lysosomes make us conclude that classical electroporation does not allow proteins over-
expression in mouse bone-marrow derived dendritic cells. Nevertheless, I will report, in the annexes,
the protocol I used for plasmid transfection for future users.

6.1.2 Neutrophils as a second model

I here refer to neutrophils as HL-60 derived neutrophils. HL-60 cells originated from a female patient
with acute myeloid leukemia. ’Culture of peripheral blood leukocytes from this patient in conditioned
medium resulted in the development of a growth factor independent immortal cell line with distinct
myeloid characteristics’ [Birnie 1988]. Over decades, HL-60 cells have been extensively used to
study cellular differentiation. At steady state, an HL-60 culture contains 90% of differentiation ar-
rested cells and 5 to 10% of cells with a more mature myeloid characteristics. The most striking and
interesting feature of HL-60 colonies is the ability of a variety of chemical agents including dimethyl
sulphoxide (DMSO), retinoid acid and phorbol ester, to increase the proportion of differentiating cells
in vitro to as great as 90%. Moreover, the obtained lineage can be modulated according to the chemi-
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cal agent. For instance, HL-60 cells can be induced to differentiate in vitro into granulocytes-like cells
using DMSO or monocytes/macrophages-like cells using phorbol ester [Birnie 1988]. Even though
the molecular mechanism leading to HL-60 differentiation is still incompletely understood, a well
defined protocol have emerged over the last two decades allowing a reproducible induction of HL-60
differentiation into neutrophils-like cells.
The HL-60 used during my PhD were kind gifts of Guillaume Charras, at the ULC, England and
Dyche Mullins from the USCF, USA. As previously reported in this detailed protocol of Milius et al

([Millius 2010]), HL-60 cells were maintained in culture in RPMI 1640 medium with L-glutamine
(Life technologies), supplemented with 10% fetal bovine serum, 25 mM of HEPES, 1% of peni-
cilin/streptomycin. HL-60 are passaged when they reach the density of 106cells/mL and split to
0.156cells/mL in a fresh, prewarmed culture medium. Cells are maintained in 10ml in a 25cm2 cell
culture flask at 37◦C and 5% CO2.
To induce HL-60 differentiation into neutrophils, cells are counted and samples containing 1.56cells

are centrifuged at 1500rpm for 5mn. The pellet is resuspended in 10ml of prewarmed culture medium
supplemented with 1.3% of dimethyl sulphoxide (DMSO), endotoxin, and hybridoma tested (Sigma).
Such DMSO treated HL-60 are maintained in culture in a 25 cm2 cell culture flask at 37◦C and 5%
CO2 for 5-6 days prior usage [Millius 2010]). After 5 days of differentiation, HL-60 cells exhibit a
polarized morphology which is accompanied by a highly migratory ability. Moreover, the upregu-
lation of the Lamin B receptor leading to a polylobulated nucleus as well as LMNA dowregulation
have been reported in retinoid acid induced HL-60 differentiation [Rowat 2013]. HL-60 was thus a
convenient model system for studying the effect of nuclear mechanical properties in transmigration.

6.2 Microchannels as an original setup for transmigration

Once the right cell type chosen, one must define the right extracellular space which fit to the prob-
lematic. Because I am studying transmigration, I had to chose an extracellular environment where the
chemical, mechanical and geometrical properties are well controlled. Transmigration often implies
that the cell crawls through a pore smaller than its diameter. Many setups would fulfill those require-
ments among those, transwells are the most commonly used. However transwells do not allow the
dynamic visualization of transmigration which made me switch to microchannels. The originality of
the microchannels we used is the positioning of a constriction in the middle of the channels which acts
as a narrow pore through which a cell should crawl. In the following paragraphs, I will describe the
two techniques that I used to study dendritic cells transmigration: the transwells and microchannels
with constrictions.
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Figure 6.1: "Passaging and differentiating HL-60 cells. When cells reach a density between 1
and 2 million cells/mL, split to 0.15 million cells/mL in a total volume of 10 mL prewarmed culture
medium. Differentiate cells in culture medium plus 1.3% DMSO; cells take ≈5 days to become
migratory." From [Millius 2010]

6.2.1 The common setup: transwells

As said earlier, transwells are extensively used to study cell transmigration. The principle is fairly
simple and consists of placing cells on top of a membrane containing pores of known sizes and to
let them migrate for several hours before counting the number of cells which reached a bottom plate.
This technique allows the study of chemical agents induced migration. For instance, chemokines can
be placed at the bottom of the chamber allowing the establishment of a gradient for several hours. The
membrane can be coated with extracellular matrix proteins such as fibronectin and collagen allowing
a good control of the chemical environment of migrating cells. During my PhD, I used transwells
to study the requirement of myosin II in mature versus immature dendritic cells transmigration. I
thus used 96-wells transwells with polycarbonate membrane containing 10 µm long pores with 3
µm of diameter. In this study, 96-wells transwells were coated with fibronectin at 10 µg/mL during
an overnight incubation. The day after, cells were counted and placed at 105 cells/50 µL on each
membrane and let to migrate for either 5 hours or overnight. The bottom chamber was filled with 200
µL of medium containing ± chemokines (CCL21 or CLL19 or a mix of both) at a given concentration.
After transmigration, cells from the upper and bottom chambers are separately collected using PBS-
EDTA at 5mM, centrifuged at 2000rpm for 5 minutes then resuspended in PBS supplemented with 2%
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Figure 6.2: Schematic illustration of the transwells assay. (From www.corning.com)

of fetal bovine serum. The collected cells are mixed with 104 beads of 10 µm of diameter then counted
using a FACS cell sorter. Adding beads at a known concentration allows to measure the volume
counted at the FACS which is necessary to calculate the initial cellular concentration. After counting
the upper and bottom chambers, the percentage of transmigration is calculated as the ratio between
the number of cells in the bottom chamber and the sum of the cells in the upper and the bottom
chamber. Comparing this percentage of transmigration in different conditions allows to conclude on
the transmigration ability of cells.
However, transwells assays exhibit many limitations. Indeed, establishing a reproducible protocol is
time consuming. Moreover, the stability of the gradient is not easy to determine as media of the upper
and bottom wells are in contact which leads to the diffusion of chemokines and then the disturbance
of the gradient. Above all, the main disadvantage of transwells assay is that cell migration cannot
be uncorrelated from cell transmigration. For instance, impaired cell polarization or decrease in cell
velocity will result in a decrease in the percentage of cells that reach the bottom plate. Thus transwells
do not allow to strictly study cell transmigration independently to cell migration.

6.2.2 The microfabrication based setup: microchannels with constrictions

Microchannels have the great advantage compared to transwells assay to allow dynamic visualization
of cellular transmigration. Indeed, the glass bottom dish on which the chamber is fixed, constitute the
fourth wall of the microchannel which allows high temporal and spatial resolution live cell imaging.
Microfabrication for biological application has been introduced two decades ago with the use of
lithography in the fabrication of DNA arrays [Whitesides 2001]. However, lithography is expensive,
allows only a limited control over surface properties and has low applicability to proteins and cells.
It is thus an inaccessible method for daily usage in cell biology. The development of soft lithogra-
phy which allows a rapid, low cost an well controlled patterning of the composition, topography and
properties of surfaces lead to the explosion of its application in biology [Whitesides 2001]. ’The key
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Figure 6.3: Illustration of a chrome photomask
Illustration of a chrome photomask

element of soft lithography is an elastomeric stamp with patterns as relief structures on its surface’
[Qin 2010]. Soft lithography techniques including microcontact printing, replica molding, micro-
transfer molding, micromolding in capilary and solvent-assisted micromolding are essentially based
on printing, molding and embossing with an elastomeric stamp. The wide availability and low cost of
this elastomeric stamp is key for the accessibility of soft lithography.
For microchannels fabrication, replica molding is the most extensively used techniques. The 4 majors
steps which leads to microchannels fabrication will be described in the following section.

6.2.2.1 From soft photolithography to PDMS chambers

The generation of microchannels starts with the designing of a mask. The mask is first drawn using
a computer-aided design (CAD) software such as Adobe Freehand, illustrator and Cle Win which are
well suited for quick design of patterns with feature sizes down to 1 µm [Qin 2010]. The drawn mask
is then printed using high resolution printing services. For mask containing high resolution structures,
such as lines separated by a µm, chrome photomasks are required. Many companies including Toppan
photomask and Microtronis Photomasks can provide such photomasks.
For a brief description, the mask is a 2D quartz substrate on which a layer of chrome is deposited
followed by a layer of electron sensitive resin. The resin in the zones corresponding to the design is
stabilized by an electron beam. Then the rest is removed using a chemical developer. The chrome
underneath the destroyed resin is also destroyed using another chemical such as 3144 Puranal. The
rest of the resin is removed by exposing a second time the mask to an electron beam. Thus note that the
printed photomask is in 2D, it is just a succession of rectangles which will give channels and circles
which give rise to pillards (Figure 6.3). Once the photomask containing the previously designed
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structures is obtained, a classical photolitography protocol will allow to produce the master mold.
The master mold consists of a silicon wafer on which a structure of the mask will be patterned in 3D.
As I did not have access to a clean room, I performed all my photolitography under a chemical hood
where the temperature fluctuations and the micrometric particles in the air were the main parameters
impairing an accurate reproduction of the mask. Nevertheless, I was able to setup a reproducible
protocol for patterning structures as small as 1µm of lateral resolution. However the Z resolution
was much less controlled. This protocol will be detailed in the annexes, I will here just give a brief
description of the protocol. Photolithography is based on the opaque properties of the chrome. For
instance, a silicon wafer on which a negative Epoxy-based photoresist was deposited will be put
in tight contact with the mask. The UV light will go through the quartz but not the chrome thus
weakening the regions which did not contain chrome. The weakened resin will be removed from the
wafer using a chemical developer. We then obtain a master mold which consists in a wafer on which
the channels are patterned in relief. Note that the height of the channels depends on the thickness of
the resin deposit thus on the velocity of spin coating as well as the temperature of the resin which is
set by the room temperature. The exposure time under the UV lamp defines the precision at which the
width of the designed structures will be reproduced. Thus those three parameters must be optimized
when patterning a new structure. Once the master mold obtained, starts the soft photolitography
during which an elastomer will be poured on the wafer to reproduce its negative structures (holes
become pillards). Once the elastomer polymerizes, it will be detached from the wafer then placed on
another polymer for replica molding. This second polymer after polymerization around the elastomer
will reproduce with a high fidelity the master mold (see figure 6.4). The soft lithography step allows
the production of a high number of identical structures. Indeed, an elastomer can be poured 10
times on a wafer allowing the production of a replica mold containing 10 times more structures than
the master mold. This obtained replica mold will be used in a daily basis allowing to prserve the
master mold. One major element in soft lithography is the elastomer. For most of the microfluidic
devices in biology, poly(dimethyl siloxane) (PDMS) is the most extensively used elastomer. This
preferential use of PDMS in biolocial microfluidic devices is explained by the mechanical as well as
chemical properties of this elastomer. For instance, its high shear and young moduli (respectively
0.25 MPa and O.5 MPa) allow it to conform to a surface and achieve atomic-level contact, a property
which is more than useful in forming and sealing microfluidic systems. PDMS has also proven to be
not toxic, medium and gas permeable, optically transparent down to 300 nm. Moreover, PDMS is
intrinsically hydrophobic but can be rendered hydrophylic upon exposition to an air/oxygen plasma
(the water contact angle then goes from 110◦ to 10◦). PDMS can then adhere and seal either reversibly
or irreversibly (after oxidation) to many different types of substrates particularly glass which I used
during my PhD. (Adapted from [Qin 2010]). PDMS chambers sealed on glass bottom dish are ready
to receive cells for migration/transmigration. However, in order to relate cell migration behavior to
the level of confinement, the exact dimensions of the chambers should be measured. This can be
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Figure 6.4: "Shematic illustration of the four major steps involved in soft lithography and three
major soft lithographic techniques." From [Qin 2010]
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Figure 6.5: Image illustrating my final setup. The PDMS irreversibly seals the glass bottom dish
making a 3D structures which represents the microchannels. In this picture, microchannels contains
constrictions mimicking a transmigration assay.
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done using optical profilometer or spinning disc imaging allowing the 3D reconstruction of the sealed
chambers.

6.2.2.2 3D visualization of the channels geometry

As said earlier, the height of microchannels is set by the thickness of the resin deposit on the silicon
wafer. Even though this height is supposed to be predicted by the type of resin (SU8 2005 and 2050
for respectively 5 µm and 50 µm thick deposit), the room temperature fluctuations can prevent the
right achievement of this thickness. For example, in summer, I tend to obtain 3-4 µm high channels
with an SU8 resin... As the height of the channels is an important parameter for the problematic I was
interested in, I was then measuring the height of the master mold after photolitography. I used two
methods for measuring this height: optical profilometer and confocal imaging based methods.

6.2.2.2.1 Optical profilometer Optical profilometers are interferometry based microscopes which
are used to provide a 3D reconstruction of a substrate. Interferometry is widely used to measure
surface irregularities. Indeed, by sending a coherent wave on the substratum and calculating the
resulting interference fringes, an interferometer can detect the existence of relief as well as a variation
of refractive index on a surface. For instance, on a master mold, a light beam which arrives at the
bottom of the mold will have a different light path than another light beam arriving at the top of the
mold. This difference of light path will result in an interference pattern which period can be used to
calculate the distance between the top and the bottom of the wafer. In case of optical interferometers,
optical waves will be used. The interference fringes between a light beam that interacted with the
studied surface and a second one that is reflected by a mirror positioned at a known distance allows
calculating the height of the spots on the surface of interest. Indeed, the mirror being considered as
a flat surface, any variation of the light path is due to height variation accross the surface of interest.
This allows a reconstruction of a virtual image of the master mold (see Fig 7.5a).
Using constrictions, I faced a limitation of our optical interferometer. Indeed, I could not obtain
a precise measurement of the constrictions height. Constrictions were measured to be thinner than
channels. Interestingly, the constriction height was a function of the constriction width. Indeed, 5
µm wide constrictions could be measured to be as height as the channels while 2 µm could not be
resolved by the optical profilometer even though the theoretical lateral resolution of this instrument
can go down to a submicron.
Facing this limitation, I then used another method, based on confocal imaging to measure the height
of the channels.

6.2.2.2.2 Confocal imaging based channels measurement Confocal imaging allows the accu-
rate measurement of channels height. Indeed, the high axial and lateral resolution (compared to the
height of the channels) provided by confocal microscopy allows an accurate 3D reconstruction of
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channels which can be then used to calculate the channel height. Here, I used spinning disc confo-
cal microscope as I was trained on this microscope but any confocal microscope (such as the laser
scanning one) could have been used. PDMS chambers were stuck on glass bottom petri dishes pre-
activated with an air plasma for 1 minute. After 5 minutes of vacuum followed by 2 minutes of
air plasma treatment, channels were filled with mcherry-fluorescent PEG which is left to adsorb on
channel walls for an hour. The mcherry-PEG was develloped in our lab by Yanjun Liu and can be
visualized using a 561 nm laser. Microchannels were then rinsed by filling one of the inlet (cell entry
pores see figure 6.5) with PBS and aspirating through the opposite inlet using a vacuum pump for
1 minutes. This rinsing step was repeated 3 times allowing the removal of the excess of fluorescent
PEG from the channel. A Z-stack acquisition of on the entire channel section was performed using a
spinning disc confocal microscope with a z-step of 0.3 µm. The so obtained z-stack video can be used
to obtain a 3D reconstruction of the channels after image processing (see figure 6.5). I then wrote
a small imageJ macro to automatically measure the height of the channel as function of the position
in the channel. In brief, this macro makes a profile of the channel as function of the position from
the Z-stack acquisition. For each position which will be a stack of the profile movie, a line is drawn
at the center of the image and zones out of this line are erased (pixel intensity will be put at zero).
The y-coordinates of the pixels with maximal intensity across this line are recorded. Their difference
gives the height of the channel at a given position (see figure 6.6). I decided to use the center of the
profile image as the channel and then the constriction has been centered.

6.3 Live cell imaging of cells migrating through constrictions

Live cell imaging allows to capture the details occuring during dynamic processes such as cell mi-
gration. Cells passage through constrictions being a rather fast process (around 10 minutes for a
15µm long and 2µm wide constriction), I extensively used live cell imaging to visualize this process.
Depending on the experiment, I used low resolution epifluorescence microscopy or high resolution
confocal microscopy. The low resolution video microscopy allows high statistics while the high res-
olution helps visualizing the details of cellular organelles. In the following, I will describe the main
steps allowing the visualization of cellular transmigration using microchannels with constrictions.

6.3.1 Channels preparation

For PDMS chip preparation, a (1:10) ratio by weight of uncured silicon rubber and curing agent are
mix thoroughly. The obtained mix is poured on the replica mold containing our channels of interest
and will be let to polymerize overnight at room temperature. Only the right volume to obtain a thin
(5 mm) PDMS chamber will be used. The air bubbles present in the mix will be gone before poly-
merization starts. Not that those air bubbles are usually proposed to be removed using a vacuum bell.
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Figure 6.6: Schematic representation of the determination of microchannels height. a) The profile
image of the channel is obtained after a z-stack acquisition along the channel section. The distance
between the two maxima intensities at the center of the image gives the channel height. b) Montage
of a real channel 7 µm wide coated with fluorescent surface protein. The constriction at the center of
the channel was expected to be 2 µm wide. The channel height of this representative image is 4.8 µm
while the constriction height is 3.6 µm
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This has to be done if the PDMS chip is needed in the next 3 hours.
Once the PDMS polymerizes, a region containing microchannels is cut with a surgical blade, 2.5 mm

diameter holes are drilled at pillards region to make the cell entry pores (see figure 6.5). A region
of 2 to 3 pillards layer (Corresponding to 100-300 µm) must be left between the cell entry pores and
the channels to ensure single cell entry in the channels. The PDMS chip is first cleaned by sticking
and peeling an adhesive tape on it. This pre-cleaning step is followed by a deep cleaning step during
which the PDMS chip is immersed in a 96% ethanol solution then sonicated for 30s. This steps allows
to explode all elements present at the surface of the PDMS. A drying step using an air gun equipped
with a filter will follow to remove the ethanol from the PDMS. The PDMS chip (surface containing
channels toward the top) and its cleaned future glass substrate (glass bottom petri dish) are then placed
on a clean support (which is usually a thick glass slide as plastic can be distorted by the plasma) and
treated with air plasma at the highest power for 1 minute at 300 mTorr. Because our plasma cleaner
is not equipped with a barometer, I was checking the color of the plasma and adjusting the air influx
to get a bright purple. Right after plasma treatment, the surface of the PDMS containing our channels
is stuck to the glass bottom petri dish. One can see when the PDMS binds to the glass substrate by
observing a wave of "transparency" at the PDMS/glass interface.
The so obtained PDMS device is put back to the vacuum for 5 minutes prior to a second 2 minutes
plasma treatment. The cell entry pores are filled with 5µl of a desired solution. This solution can be
fibronectin (at 50 µg/mL) in PBS, fluorescent PEG or normal medium for dendritic cells and precon-
ditioned medium for neutrophils. Note that the first step of vacuum is super important when working
with constrictions as it is necessary to fill the channels. Proteins in the solution are left to adsorb for
an hour at room temperature. The chambers is then covered by PBS in case of fibronecting and PEG
coating or medium when coated with medium and left overnight at 4◦C. In case of fibronection or
PEG coating, the excess of solution is then removed the day after by filling one of the inlet with PBS
and aspirating the opposite inlet with a vacuum pump. This step is repeated once with PBS and 2
more times with medium. After the last rinsing step with medium, one inlet over two is left empty to
insure a proper entry of medium in the channel. The rest of the glass bottom dish is left with medium
to allow lateral diffusion of medium towards the PDMS chip. The PDMS device is then left in an
incubator at 37◦ and 5% CO2 for at least an hour prior to adding cells. When performing a chemical
treatment based experiments, medium is supplemented with the chemical at the right concentration
and will be used after the first rinsing step with medium. The chamber will then be incubated with
the chemical allowing its homogeneouss concentration along the chip.

6.3.2 Putting cells in channels

Cells must be well treated when performing this experiment. Thus, prewarmed PBS-EDTA(5 mM)
will be used. Never use trypsin which is much stronger and will delay cells entry in channels. Den-
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dritic cells at day 10 or 11 are stained with Hoechst at 200 ng/mL for 30 minutes at 37◦ and 5% CO2 to
label the DNA. Cells are treated while being still adherent at a concentration of 106 cells/ml. Hoechst
can be either added to the present medium covering cells (supernatant) or be premixed with a warm
medium that will be used to replace the supernatant. After Hoechst treatment, cells are detached
with prewarmed PBS-EDTA(5 mM). Cell supernatant containing floating cells are thrown away and
replaced by EDTA. After a 5 minutes incubation at 37◦ and 5% CO2, cells are flushed using either a
1 mL cone or a 10 mL pipette. 20 µl of the obtained cells will be used for counting using a malassez
counting chamber while the rest will be centrifuged at 1300 rpm for 5 minutes at room temperature.
During the centrifugation, the cell entry pores of the PDMS devices are cleared of medium using a
vaccum pump. The cell pellet is resuspended at 20.106 cells/ml and 5 µL will be deposited on each
cells entry pore. Note than when working with chemicals, cells must be resuspended in medium con-
taining the chemical at the right concentration. Cells are left to sediment and adhere to the substrate
for 1 hour and a half prior to covering the PDMS chip with the right medium. After 1 hour and a half,
cells should be already reaching the entry of the channels after having migrated through pillards. Note
that covering the PDMS chip with medium is crucial to maintain cells alive overnight in chambers.
Indeed, even though microscopes are humid area, evaporation still occurs. After covering the PDMS
chip with the right medium, the device is left to incubate at 37◦ and 5% CO2 for at least 2 hours before
starting any timelapse acquisition. This lag time is crucial to have migrating cells in channels. When
it is too short, I observed that cell tend to not enter the channel and to not cross constrictions. This lag
time is much shorter for HL-60 derived neutrophils. Those cells enter the channels and migrate 30
minutes after being deposited! This rapid migration is due to the presence of preconditioned medium
(medium in which HL60 cells have already grown) in the channels. For instance, when channels are
coated with a regular medium, HL-60 derived neutrophils behave like dendritic cells and need 4 hours
to migrate in the channels.

6.3.3 Video microscopy of cells crawling through constrictions

Once cells have been in the PDMS device for at least 4 hours, the video microscopy can start. Live
cell imaging imposes that the microscope must have a temperature as well as a CO2 and humidity
controller. I performed all my experiments in conditions where the cells are 37◦C, 5% CO2 and a
60% of humidity. Performing a low resolution movie is rather simple. The glass bottom of the petri
dish must be cleaned with a kimwipe prior to placing on an epifluorescent microscope holder for 35
mm dishes. Then a multidimentional acquisition (multi position, multi wavelength, timelapse movie)
will be performed. A 10x, phase contrast, low numerical aperture (0.3) objective will be used when
performing simple experiments where the main readout will be the velocity of migration and the ki-
netic of passage through constrictions. Two to four positions will be chosen for each condition (a
condition being the constriction size or the drug concentration). Positions at the straight channels
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region are very important as they constitute internal control for cell ability to migrate independently
to nuclear deformation. Each position will contain 25 to 30 channels dependent on the binning of
the image, thus allowing to rapidly obtain high statistics. After 15 to 20 hours of a timelapse movie
with a temporal resolution of 2 minutes between images, many cells will have simultaneously enter
the channel. With such temporal resolution, maximum 45 positions can be aquired on classic nikon
video-microscopes running with metamorph. The kinetic of migration and transmigration will be an-
alyzed using an semi-automatized imageJ macro that I developed.
When interested in the dynamic and organization of the cytoskeleton I performed either epifluores-
cent microscopy or spinning disc confocal microscopy. Epifluorescent microscopes, by integrating
the signal nearly all along the cell thickness allows quantitative measurement of cytoskeletal local
concentration. While confocal imaging allowing a high spatial resolution visualization of structures
of interest requires much more sophisticated image processing for quantitative measurement. A 20X,
phase contrast, high numerical aperture (0.75) objective, mounted on an epifluorescent microscope
was used to quantify the dynamic of skeletal proteins such as actin or myosin II. Dentritic cells from
mice expressing LifeAct-GFP (an actin binding protein) were used to visualize actin dynamics. Note
that lifeAct has not been proven to have a higher binding affinity to F-actin but when put in a cell, it
binds preferentially to F-actin. It is thus considered as an F-actin reporter. For myosin II visualiza-
tion, dendritic cells from mice expressing MyosinIIA-GFP were used. The higher magnification of
the 20X objective compared to the 10X, results in a smaller field of view which has to be compen-
sated by acquiring more positions for good statistics. However, the temporal resolution was always
kept constant at 2 minutes between two consecutive images as I was studying fast moving cells. Thus
the number of conditions had to be reduced. The dynamic localization of actin filaments have been
analyzed using an imageJ macro I developed.

6.4 Immunostaining in microchannels

When working with mouse dendritic cells, the first limitation that is encountered is the one concerning
proteins expression. As said earlier, I could not set up a transfection protocol which would allow me
to visualize proteins of interest. I then switched to the alternative immunostaining approach.
Immunostaining is a well known biochemistry approach which allows proteins localization on a fixed
and permeabilized sample. It is based on the recognition and specific binding of an antibody to a given
pattern on a protein. Because cells are fixed, it thus does not allow studying the dynamic localization
or recruitment of proteins. Nevertheless, this was the best alternative I could have access to.
The first challenge I faced when performing immunostaining in microchannels devices was diffusion.
Indeed, at the micronscale, diffusion is rather slow which can be a big limitation for antibodies.
For instance, cells in channels can be fixed and permeabilized as proven by phalloidin staining but
antibodies staining showed a diffuse pattern even after overnight incubation with a primary/secondary
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antibody. An alternative to this diffusion limitation is the channels removal. With Pablo Vargas,
a postdoctoral fellow in Ana-Maria Lennon’s lab, I optimized an immunostaining protocol during
which the PDMS chamber is detached from the glass coverslip after fixation.
As said earlier, an irreversible binding of the PDMS chip on a glass coverslip occurs upon treatment
of both surfaces with air plasma. Interestingly, when only the glass coverslip is plasma activated and
the PDMS clean enough a tight but reversible adsorption can occur. Cells that enter such channels are
as well confined as in regularly stuck channels. The PDMS device preparation is done as described
above with slight modifications. At first, the PDMS chamber is not plasma activated prior binding
to the glass coverslip. Before channels coating, a 2 to 3 minutes plasma treatment is necessary to fill
the channels with liquid. When performing immunostaining experiments, channels are coated with
medium which viscosity allows it to penetrate much faster in channels than PBS would do.
Cells are put in channels as previously described and let to migrate overnight instead of 2 hours
after adding medium. This allows to maximize the number of cells in channels particularly at the
constrictions. To start immunostaining, the medium around the PDMS chamber is removed and
replaced by PBS supplemented with 4% paraformaldehyde (PFA). A particular focus is made on
putting drops of fixing solution on the cell entry pores to: at first remove the floating cells and second
maximize the entry of the fixing solution in the channels. All the fixation protocol is performed at
room temperature. Cells are then fixed for 30 minutes at room temperature then rinsed 3x5minutes
with PBS alone. After the last washing, the PDMS chip is carefully and slowly lift up by putting a
surgical blade between the PDMS and the glass coverslip. Keeping the glass coverslip immobile
with tweezers the PDMS chip is slowly lift up. Note that the direction of PDMS detachment should
be the same than the channels one to not lose or bend cells. Note also that the number of cells which
stay bound to the glass coverslip can be increased by increasing the fixation time. For instance, after
5-10 minutes fixation, most of the cells are detached with the PDMS while they all stay on the glass
coverslip after 1 hour fixation. However, a long fixation time does not suit to some antibodies such
as the laminA/C one (N18 from Santa cruz) which has been optimized for methanol fixation. Thus
this fixation protocol has been optimized for laminA/C antibody and must be optimized for each new
antibody. After PDMS removal, a regular immunostaining protocol can be performed. Cells are thus
permeabilized with PBS supplemented with 0.5% triton for 5 minutes to insure the permeabilization
of the nuclear envelope. A rinsing step with PBS will be performed before blocking cells with PBS
supplemented with 5% Bovine Serum Albumin (BSA) for 1 hour. Cells will then be stained with a
primary antibody for our protein of interest then by a secondary antibody which will recognize the
epitope of the primary antibody. Antibodies are diluted at the right concentration in PBS-BSA 1% and
are incubated with cells for an hour. A rinsing step between the primary and the secondary antibody
staining is necessary to avoid non specific binding of the secondary antibody. During the secondary
antibody staining, F-actin and DNA staining will be performed using respectively phalloidine and
Dapi. Cells are then rinsed with PBS-BSA 1% then with PBS alone before being mounted on a
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Figure 6.7: Illustration of PDMS detachment during immunofluorescence

glass slide. The preparation is left overnight at room temperature to allow the polymerization of the
mounting media. Prior to cell observation on microscopes, the surface of the coverslip which will be
in contact with the objective should be cleaned carefully using a cotton bud dipped in a 70% ethanol
solution. The figure 6.8 illustrates the result of such immunostaining protocol. On this image, the cell
is bent due to the flow induced by the rinsing steps.
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Figure 6.8: Illustration of protein staining by immunofluorescence in microchannels. An imma-
ture dendritic cell in a 15 µm long and 2 µm wide constriction is stained for the actin cytoskeleton,
DNA and Arp3. From Left to right: overlay of the red (F-actin), green (Arp3) and cyan (DNA) chan-
nels; single channels. A zoom of the constriction region allows to observe the details of colocalization.
Scale bars: 15 µm for the full image; 5 µm for the zoomed image
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The results obtained during this PHD are presented here in form of a manuscript in preparation for
a submission. They represent the work done for understanding the mechanisms of nuclear squeezing
during immune cells, particularly dendritic cells, migration under confinement.

7.1 An Arp2/3 based nuclear squeezing allows dendritic cells to
passage through micrometric constrictions

7.1.1 Summary

Cell migration is a complex process required for many physiological events including embryogenesis,
wound healing and immune response. This process can also be hijack by cancer cells leading to
metastatis formation. Cells migrating in vivo often have to encounter complex 3D environments
which physico-chemical properties can tightly regulate cell forward movement. In the last years,
confinement has emerged as an interesting physical property of the extracellular environment which
can control cell migration. For instance, cancer cells have been shown to slow down in collagen
gels of increasing density. Those cells have developed a specific ability to degrade the extracellular
matrix and thus release the geometrical confinement imposed by such environments [Wolf 2013].
However, other highly migratory cells such as immune cells do not rely on matrix degradation for their
migration under confinement. In contrary, confinement, to a certain extend, has proven to improve
immune cells migratory efficiency. This thus raises the question of how a cell generates enough



124 Chapter 7. Results

forces to migrate under confinement. Indeed, for a forward movement to occur in confining spaces
the cell must be able to deform itself or the extracellular space. Immune cells migrate throughout
various tissues with a large range of mechanical properties, cellular deformability might thus be the
limiting factor for cell migration in such environments. As said in the introduction (3.1), the main
contributors to cell mechanical properties are the cytoskeleton, the plasma membrane and the nucleus.
The cytoskeleton being a dynamic structure with a high turnover rate of filaments and the plasma
membrane a compliant structure, the nucleus is then the cellular organelle which might limit cell
deformation during migration.

In order to study the role of the nucleus in cell migration under confinement, we designed a
microfabrication based setup consisting of microchannels in the middle of which constrictions of
various sizes are placed. This configuration offers a good approximation to the in vivo event of a
cell crossing in between 2 other cells in tissues or in the endothelial barrier of the lymph or blood
vessels. We decided to focus our study on dendritic cells which in vivo migration is required for
the onset of the adaptive immune response. Using our constrictions based setup, we first showed
that dendritic cells forward movement is abrogated when constrictions are smaller than 2.2 µm2

and strongly slowed down in constrictions cross section between 4.5 and 12 µm2. Observing the
nucleus allowed us to see that movement abrogation or slow down correlates with nuclear entry
in constrictions. Moreover, between 4.5 and 12 µm2 more than 50% of the passage time is due to
nuclear passage through constrictions. Those results thus showed that nuclear deformation imposes
a physical limitation to dendritic cells migration in highly confining spaces. We thus wonder how
cells overcome this limit. One hypothesis was that cells would produce forces on the nucleus to
allows its deformation. In order to identify such mechanism of nuclear squeezing, we performed a
small scale screening on the acto-myosin and microtubules cytoskeleton which has been reported to
be the force generators involved in nuclear positioning and overall in cell migration. We found that
actin polymerization, particularly Arp2/3 based actin nucleation, is required for nuclear deformation
in narrow constrictions. In contrary, myosin II as well as microtubules were not required for nuclear
deformation in immature dendritic cells. Recording cell velocity in channels without constrictions,
we found that Arp2/3 was not required for cell migration while myosin II inhibition induces cell
slow down. This showed that dendritic cells possess a specific mechanism for nuclear squeezing
independent of their migration mechanism.
To further understand this Arp2/3 based nuclear squeezing, we recorded actin dynamic in dendritic
cells migrating through constrictions. We found that cells assemble a dense actin network around
their nuclei when this organelle crosses constrictions. Interestingly, this actin overshoot starts right
after nuclear entry in the constriction and stops after nuclear exit. In addition, this actin meshwork
assembles only in constrictions in which nuclear passage induces cell slowing down (between 4.5
and 12 µm2). Moreover, this actin meshwork was found to co-localize with Arp3 but not myosin
II and to be independent of myosin II activity suggesting that the formation of this actin meshwork
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might be involved in nuclear squeezing through narrow constrictions. Observing the nuclear lamin
A/C network we found that this network ruptures in constrictions at sites of actin increase suggesting
that the actin meshwork applies compressive forces on the nucleus.
We then hypothesize that the nuclear membrane-cell membrane shear stress increase induced by
nuclear entry in constrictions leads to Arp2/3 local activation and thus actin polymerization. This
resulting dense dendritic actin network will, by compressing the nucleus lead to lamin A/C rupture
which will then release the nuclear surface tension thus facilitate cell passage through constrictions.
This hypothesis first implies that softer nuclei which should not increase the nuclear membrane-cell
membrane shear stress to the same extend than regular nuclei should not promote actin assembly in
constrictions. Recording actin dynamics in lamin A/C depleted dendritic cells and HL-60 derived
neutrophils allowed us to show that cells with softer nuclei do not assemble the actin meshwork.
They, in addition, do not require Arp2/3 for their passage through narrow pores.

This work allowed us to propose that cells such as dendritic cells which daily function requires
high motility in strongly confined spaces as well as high survival rate, will nucleated a dendritic actin
meshwork around their nuclei to break the lamin A/C then facilitates nuclear passage through narrow
pores. We believe that this transient nuclear softening allows such cells to overcome the physical
limit to 3D migration imposed by nuclear deformability and at the same time conserve a stiff enough
nucleus which can then resist to high extracellular forces that could otherwise induce DNA damages
leading to cell death.
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Abstract:

Cell migration has two opposite faces: necessary for physiological processes such as immune
response, it can also lead to the organism death by allowing metastatic cells to invade new organs. In

vivo, migration occurs in complex environments which often impose a high cellular deformability,
a property limited by the cell nucleus. Here we show that immune cells such as dendritic cells
possess a specific mechanism to pass through micrometric constrictions while preserving long
term cell viability. This mechanism is based on a rapid Arp2/3 dependent actin nucleation around
the nucleus which transiently ruptures the nuclear lamina, while, in these cells, Arp2/3 is not
required for cell locomotion in the absence of constrictions. The requirement for Arp2/3 to pass
through constrictions can be relieved when Lamin A/C expression is suppressed, but this also
leads to a shorter lifespan when cells deform their nucleus while migrating. We thus propose
that a specific actin based nuclear deformation mechanism allows immune cells to combine a high
deformation and invasion capacity and a long term survival, two properties essential for their function.

One Sentence Summary:

Arp2/3 mediated actin nucleation around the nucleus leads to nuclear lamina rupture, allowing high
invasion capacity and long lifespan of LaminA/C expressing immune cells.
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7.2.1 Main text

The acto-myosin machinery required for cell locomotion has been described in great details both
molecularly and physically in the past decade [Danuser 2013]. It is mostly based on two mechanisms:
actin treadmilling and acto-myosin contraction [Ridley 2003]. The net rearward movement of actin
filaments (in the referential frame of the cell), fuelled by cell scale organization of polymeriza-
tion/depolymerization of the filaments ([Hu 2007], [Keren 2008]) and by the action of myosin
motors [Burnette 2011], is transferred to the migration substratum via specific adhesion proteins
(e.g. integrin receptors, [Chan 2008] ), leading to forward cell locomotion ([Bangasser 2013],
[Danuser 2013]). This well-defined physico-chemical set of processes, initially mostly described
based on in vitro systems of cultured cells moving on flat glass surfaces, seems to be universally
used by migrating cells. Nevertheless, recent studies performed in more complex environments
proposed alternative scenarios and additional requirement for cell locomotion. The confining nature
of micro-channels, gels or tissues can relieve the need for specific integrin based adhesion in
immune and cancer cells ([Malawista 1997], [Lämmermann 2008], [Tozluoğlu 2013]), momentum
transfer being then ensured thanks to non-specific friction ([Hawkins 2009], [Renkawitz 2009])
or geometrical entanglement [Tozluoğlu 2013]. The complexity of 3D gels also requires cells to
restrict the number of their protrusions, to avoid engaging simultaneously in multiple paths and
getting blocked by the gel fibers. This constrain makes polarity proteins such as Cdc42 essential for
locomotion, while on 2D substrates it is only required for directionality [Lämmermann 2009].

In addition, the porous nature of gels and tissues puts a strong requirement on cell deforma-
bility/compliance [Lautenschläger 2009]. Due to the dynamic nature of the actin and microtubule
cytoskeleton, and thanks to the high compliance of the plasma membrane and of the majority of
membranous internal organelles, most cytoplasmic elements do not limit cell deformation through
the micrometric pores found in tissues [Wolf 2009], at least at the timescale of cell locomotion.
Cytoplasmic intermediate filaments can limit cell deformation ([Janmey 1991],[Wang 2000],
[Seltmann 2013]). However, the involvement of vimentin, the only intermediate filament expressed
in migrating cells (i.e. fibroblast and leukocytes) [Chernoivanenko 2013], in cell migration was
rather related to cell polarity ([Eckes 2000], [Dupin 2011]), regulation of adhesions [Nieminen 2006]
and transport of proteins involved in cell migration [Chernoivanenko 2013]. Several studies showed
that in most cases, the element which limits cell deformation through narrow pores is the cell nucleus
([Wolf 2013],[Harada 2014]). Indeed, the cell nucleus possess a specific set of intermediate filaments
encoded by Lamin A/C and B genes, which form a rigid shell underneath the inner nuclear membrane.
To overcome this limitation, some migrating cells express a low level of Lamin genes products while
others secrete proteases to enlarge pores in the extra-cellular matrix. Matrix degradation is important,
but not essential, for migration of metastatic cells and does not seem to be involved in immune cell
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migration ([Pflicke 2009], [Wolf 2013]), probably to preserve tissue integrity. On the other hand,
while the degree of Lamin A/C expression was shown to correlate with the capacity of cells to pass
through small pores in a protease independent manner ([Wolf 2013], [Rowat 2013], [Harada 2014]),
low levels of Lamin A/C also correlates with lower cell viability during migration through pores
[Harada 2014]. This is particularly relevant for immune cells. Indeed, some immune cells do not
express Lamin A/C, such as neutrophils, and have a short lifespan (they die at the site of infection),
but others, such as dendritic cells, which patrol peripheral tissues and present antigens to T cells
in lymph nodes, need to combine a high migration capacity and a long term survival, a combina-
tion which might also be essential for the high metastatic capacity of some cancer cells [Harada 2014].

We indeed found that, consistent with a requirement for a long lifespan, dendritic cells express
higher levels of Lamin A/C proteins compared to neutrophils or some metastatic cells (Fig 1a). This
raises the question of the existence of a mechanism allowing Lamin A/C expressing cells to deform
their nucleus through small pores. Myosin II action on actin filaments was proposed to play such
a role, generating a pressure at the cell back pushing the nucleus forward. Nevertheless, Myosin
II is required for cell locomotion per se, especially in confining environments ([Wyckoff 2006],
[Wolf 2013]) and also for cell polarity, which is essential to migrate inside gels, making it difficult to
clearly identify a specific role in nuclear deformation in such systems.

To ask how Lamin A/C expressing cells could deform their nucleus, we chose to study the
migration of mice bone-marrow derived dendritic cells through microfabricated constrictions of
well-defined sizes (Fig 1b, c, Fig S1a, b and S2a, b). Dendritic cells migrated spontaneously in such
channels, and constrictions in the micron range induced a strong nuclear deformation in passing
cells (Fig 1d, S1c-e and S2c). Timelpase recording of migrating cells identified four phases for
cell transmigration: i) cell front entry in the constriction, which did not induce any slowdown, ii)
nuclear engagement and deformation, which corresponded to the longest part of the process and led
to a strong slowdown (Fig 1g-i), iii) nuclear exit, and iv) cell exit. While varying the length of the
constriction (Fig S2) did not show a significant effect on the characteristics of cell passage, there was
a clear effect of the section area, as reported before in gels [Wolf 2013]: at 2.2 µm2 (1x2.2 µmxµm,
see Fig S1b), the cell front could pass but only a small fraction of the nucleus could engage in the
constriction (Fig S1c), leading to a very low rate of cell passage (Fig 1f, not significantly different
from zero). Surprisingly, slightly increasing the constriction section area to 4.5 µm2 (1.5x3 µmxµm,
see Fig S1b) allowed a majority of cells to pass (Fig 1f, S1d and S2d). The passage rate reached
a maximum above 12 µm2 (3x4 µmxµm). Quantification of the passage rate (Fig 1f, S2d), passage
time (Fig 1h, S2e) and cell velocity (Fig 1i) showed that for intermediary sizes of 4.5 and 7 µm2,
while a majority of cells could eventually pass the constriction, nuclear passage induced a significant
delay. Importantly, for all sizes, non-passing cells engaged in the constriction spent at least as much



7.2. Manuscript in preparation for submission 129

time in the constriction as passing cells (Fig S1f, S2f), showing that non passage was not due to
an early change of direction of the cell induced by the constriction. In conclusion, these results
show that immature bone-marrow derived dendritic cells, despite expression of Lamin A/C, can pass
constriction down to about 4 µm2 in section area and that, below 12 µm2, the nucleus is limiting their
passage.

We next performed a screen using 7 µm2 constrictions (2x3.5 µmxµm where more than 60% of
cells pass constrictions but are still slowed down by their nuclei) to identify cytoskeletal elements
essential for nuclear passage. Removing microtubules rather increased cell passage (Fig 2a) and
reduced passage time (Fig 2b), probably due to indirect activation of Myosin II ([Krendel 2002] and
Fig S8), which increases cell speed inside channels (Our unpublished data). Inhibition of formins
reduced cell speed (Fig 2c) but had no impact on the rate of passage (Fig 2a). Surprisingly, Myosin II
inhibition or depletion of Myosin IIA (the only isoform expressed in dendritic cells, Immunological
Genome project http://www.immgen.org), which had, as expected, a strong effect on cell shape (Our
unpublished data), cell speed (Fig 2c) and thus passage time (Fig 2b), had no effect on the rate of
passage of immature dendritic cells (Fig 2a and Fig S3), but completely prevented passage of mature
dendritic cells in the presence of chemokine (Fig S4), suggesting an effect of chemokine signaling on
the acto-myosin system in these cells ([Riol-Blanco 2005], [Sánchez-Sánchez 2006]) . This shows
that Myosin II, while it plays a role to increase cell speed, is not generally required for nuclear
deformation through small constrictions.
High doses of Latrunculin A, which depolymerize actin filaments, completely stopped cell migration
(Our unpublished data), ruling out an osmotically driven migration mechanism ([Stroka 2014]).
At low enough doses, Latrunculin A did not slow down cell movement (Fig 2c), but specifically
prevented nuclear passage through constrictions (Fig 2a) and strongly reduced the speed of passage
for the few passing cells (Fig 2b). A similar result was obtained when Arp2/3, or the hematopoietic
specific Wave subunit Hem1, were inhibited or depleted (Fig 2a-c), and when the experiments were
performed on mature dendritic cells in the presence of chemokines (Fig S4). The reduction in passage
rate through constrictions was not due to an increase in changes in direction, as treated/depleted cells
spent at least the same amount of time in constrictions as control/WT cells did (Fig 2d), and initiated
nuclear entry inside constriction to the same extent as non-passing control/WT cells (Fig 2e). Overall,
this screen revealed that Wave/Arp2/3 based actin nucleation is needed in dendritic cells specifically
for nuclear passage through small constrictions (in addition to its role in micropynocitosis), and that
this nuclear squeezing mechanism is uncoupled from the mechanism required for cell locomotion per
se.

This result prompted us to look in more details at the localization of actin filaments in cells passing
through constrictions. Dendritic cells derived from a LifeAct-GFP transgenic mice [Schachtner 2012]
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showed a very strong enrichment of actin filaments around the nucleus inside constrictions (Fig 3a).
The presence of filamentous actin around the nucleus in constrictions was confirmed with phalloidin
staining of fixed cells (Fig S7a) and was quantified in live cells (Fig 3b,c), showing that it was
temporally restricted to the time when the nucleus was deformed in the constriction and spatially
limited to the constriction (Fig 3b,c). This enrichment of actin was specific to small constrictions
(Fig 3d-f and Fig S5) of sizes which induced slowdown of the nucleus (Fig 1f,h,i) and which required
Arp2/3 for passage (Fig 2a, SX). It was distinct from the permanent enrichment of actin at the cell
back and the transient enrichments observed at the cell front (respectively yellow and pink arrow
heads in Fig 3d). This suggests that a specific set of actin filaments is assembled around the nucleus
when it is strongly confined.

To test if these actin filaments could be involved in the Arp2/3 dependent nuclear passage
mechanism, we immunostained Arp3 in fixed cells inside constrictions (see supplementary methods).
This revealed a clear enrichment of the Arp2/3 complex around the nucleus, co-localized with the
enrichment in actin filaments stained by phalloidin (Fig S7a). We also found that, while more than
90% of passing control cells displayed an actin accumulation around the nucleus versus less than
30% in non-passing cells which engaged their nucleus in the constriction, the fraction of passing cells
with an actin accumulation after CK666 treatment dropped down to the level observed in non-passing
cells (Fig S7b-d). These results suggest that the actin accumulation observed around the nucleus
in constriction depends upon Arp2/3 and that the small fraction of cells that pass in the absence of
Arp2/3 possess an alternative mechanism that does not involve actin accumulation around the nucleus.

To further assess the role of Myosin II in nuclear passage, we imaged dendritic cells derived from
a Myosin IIA-GFP transgenic mice (see supplementary methods). Consistent with a requirement for
Myosin II for cell speed and not for nuclear passage, Myosin IIA-GFP was found exclusively at the
cell back when cells were passing constrictions and did not show any enrichment inside the constric-
tion where actin enrichment was observed (Fig S6a). Inhibition of Myosin II with Blebbistatin did
not prevent actin accumulation around the nucleus in constrictions (Fig S6b). Interestingly, when
microtubules were depolymerized with nocodazole, Myosin II A was found to strongly accumulate
at the cell back (Fig S8c,d), consistent with the increase in cell speed and the reduction of passage
time through constrictions. In these cells, actin was also found to accumulate at the cell back and
was not observed to accumulate around the nucleus anymore (Fig S8b), potentially due to the well-
known antagonistic effect of RhoA activation on Rac1 activity ([Sander 1999], [Burridge 2004]).
Microtubule depolymerization is known to activate RhoA [Krendel 2002], while Rac1 is required
for Wave/Arp2/3 based actin nucleation [Eden 2002]. This also means that activation of Myosin II
contractility at the cell back might compensate the loss of Arp2/3 based actin nucleation around the
nucleus. Consistent with this hypothesis, inhibition of Myosin II in Hem1KO cells further reduced
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the passage rate through constrictions, while it had no effect on WT cells (Our unpublished data).
These results suggest the existence of two complementary mechanisms for nuclear passage through
constrictions in dendritic cells: Arp2/3 nucleated actin filaments would exert a direct pressing force
on the nucleus, while acto-myosin contractility at the cell back would increase hydrostatic pressure,
pushing the nucleus from behind.

This allows us to draw the following picture: in dendritic cells, Myosin II at the cell back is
required for fast cell migration, but Arp2/3 actin nucleation around the nucleus is sufficient for
passage through constrictions; conversely, if Myosin II induces enough contractility, Arp2/3 actin
nucleation around the nucleus might become dispensable, explaining the fast passage of nocodazole
treated cell across constrictions without actin around the nucleus, and the existence of a fraction of
cells still passing constrictions in the absence of Arp2/3 activity and doing so without accumulating
actin filaments around the nucleus.

To further understand how actin nucleation around the nucleus might help nuclear deformation,
we stained Lamin A/C in fixed cells inside constrictions. We observed that in X% of the cells,
the perinuclear Lamin A/C staining was interrupted or fragmented when the nucleus was fully
engaged in the constriction, while such fragmentation was observed in only Y% of the cells outside
constrictions (Fig 4a, Our unpublished data). The fragmented region often corresponded to the
accumulation of actin filaments. This suggested that this accumulation of filaments might exert a
pressure inducing the rupture or the disassembly of the Lamin A/C network [Swift 2013]. To test
this hypothesis, we depleted Lamin A/C in dendritic cells and inhibited Arp2/3. In control cells,
inhibition of Arp2/3 strongly reduced passage through small constrictions, but it had no effect on
the rate of passage of Lamin A/C depleted cells (Fig 4f). Interestingly, depletion of Lamin A/C did
not affect the passage time of passing cells (Fig 4g), suggesting that the nucleus of control cells that
pass the constriction do not exert more resistance than Lamin A/C depleted nuclei, consistent with
a transient disassembly/rupture of Lamin A/C network in passing cells. The passage time of Lamin
A/C depleted cells was significantly reduced only for the smallest constrictions (Fig 4d), and the rate
of passage in control cells was almost unaffected for all size except for the 2.2 µm2 constriction which
control cells could not pass and through which a significant fraction of Lamin A/C depleted cells
could pass (Fig 4c). These results show that Arp2/3 dependent actin nucleation around the nucleus
is necessary only in Lamin A/C expressing cells and suggest that its function might be to facilitate
transient disassembly of the Lamin A/C network.

When imaging Lifeact-GFP expressing cells depleted for Lamin A/C, we found that actin
filaments accumulation around the passing nuclei was strongly reduced (Fig 4h), down to the
level found in Arp2/3 inhibited cells (Fig S7b). Performing a similar set of experiments on HL60
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derived neutrophils, which do not express Lamin A/C, showed that they could pass through 2.2 µm2

constrictions (Fig S9b), that they did not need Arp2/3 to pass small constrictions (Fig 4d, e), but
that passage through the smallest constrictions (2.2 µm2) strongly depended on Myosin II. Finally,
no actin accumulation was observed around the nucleus of HL60 derived neutrophils even in the
smallest constrictions (Fig 4a, h), actin being rather enriched at the cell back (Fig 4a). Overall these
results confirm that Arp2/3 dependent actin nucleation around the nucleus is required only for the
deformation of nuclei which possess a Lamin A/C network, while Myosin II activity is important
to push nuclei through the smallest constrictions, even in the absence of Lamin A/C. They also
suggest that perinuclear actin filaments accumulation also depends on the presence of a Lamin A/C
intranuclear shell.

Our results allowed us to identify a new mechanism required for the migration of Lamin A/C
expressing cells through small constrictions. This mechanism involves the nucleation of an Arp2/3
dependent actin network around the nucleus, which would transiently rupture the Lamin A/C nuclear
shell, making the nucleus more deformable.

The requirement for a branched actin network (nucleated by Arp2/3 rather than formins) might
be linked to the capacity of such networks to exert a strong pressure, due to an increase in the density
of branches when growing under a load or in confinement ( [van Oudenaarden 1999], [Risca 2012];
[Kawska 2012]). Building upon this hypothesis, it is possible to propose that the accumulation of
actin around the nucleus could be simply induced by the high load produced by the stiff nuclear
Lamin A/C mesh when it is confined in the constriction. This would be consistent with the absence
of actin accumulation around soft nuclei in cells that do not express Lamin A/C. It could also be that
the Lamin A/C network, in association with the trans-nuclear membrane LINC complex, recruits
actin nucleation promoting factors which might be activated upon nuclear deformation.

Importantly, we could observe such actin accumulation around strongly deformed nuclei also in
dendritic cells migrating in dense collagen gels (Fig S10a) and in mice ear explants (Our unpublished
data), as well as in macrophages migrating in live fish (Fig 10 b). Such accumulation could be
observed when the nucleus showed a significant deformation (arrowheads in Fig S10 b)

Why would some immune cells, whose function requires a high migration capacity, keep
expressing Lamin A/C, since it impairs nuclear deformation? Recent results on metastatic cells
suggest that Lamin A/C expression is required for their long term survival and thus invasive capacity
[Harada 2014]. We thus tested the survival of dendritic cells depleted or not for Lamin A/C when
migrating inside channels with or without constrictions. Strikingly, Lamin A/C depleted cells showed
an increased rate of death, but only in channels with constrictions (Our unpublished data), suggesting



7.2. Manuscript in preparation for submission 133

that Lamin A/C is necessary for survival only when cells experience strong nuclear deformation
associated with migration through constrictions.

In conclusion, we propose that some immune cells and potentially also certain metastatic cells,
possess a specific mechanism, based on Wave/Arp2/3 actin nucleation around the nucleus, which
allows them to strongly deform their nucleus despite the presence of a stiff Lamin A/C intranuclear
shell. This would allow them to combine a high migration/invasion capacity and a long term survival,
which is required for immune cells, such as dendritic cells, to achieve their functions from peripheral
tissue sampling to antigen presentation in lymph nodes, and for metastatic cells to colonize tissues.
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Figure 7.1 (facing page): Fig 1 : The nucleus imposes a physical limitation to dendritic cells migration
through micrometric pores. a) Western blot showing expression level of Lamin A/C in various cell
types; Myosin II heavy chain (MyoIIHC) and G-actin are shown as loading controls. Ms for mouse;
iDCs for immature dendritic cells; mDCs for mature dendritic cells. b) Schematic representation of
the experimental setup used to study cell transmigration. c) Top: Representative image of a field of
channels with periodic constrictions (distance betwenn constrictions = 100 nm). Bottom: Zoom on
a single constriction. Scale Bar 30 µm. d) Representative image of an immature BMDC squeezing
in a constriction coated with PLL-PEG (grey levels). Constriction dimensions : Length (L) = 15 µm;
cross section = 7 µm2 (2 x 3.5 µmxµm). Cell staining: Iaβ-GFP for the membrane (red), Hoechst
for DNA (green). Scale bar 15 µm. Middle : views of the channel cross section. Scale bar 4 µm.
Bottom: Perspective view (45◦) of a 3D iso-surface reconstruction from a sequential 3D stack of 17
images with 0.3 µm z-step (60X, binning 1). Scale bar 15 µm. e) Representative image of the steps of
an iDC migrating through a constriction (overlay phase contrast and DNA (green)). i) cell entry, ii)
nuclear entry, iii) nuclear exit, iiii) cell exit. Scale bar 30 µm. f) Quantification of cell percentage of
passage through 20 µm long constrictions. n = 50 cells for each condition. g) Cell (blue) and nuclear
(green) front instantaneous velocity as function of the nuclear front position. Constriction dimensions
: Length (L) = 20 µm; cross section = 4.5 µm2 (1.5x3 µmxµm). h) Cell (blue) and nuclear (green)
passage time in 20µm long constrictions. n > 20 cells for each condition. f) and h) Unless when
indicated by a line, statistical test done against 5x5 µmxµm constrictions . i) Cell and nuclear front
velocities in constriction normalized by the cell center of mass velocity before the constriction as a
function of the constriction dimensions. C.F. for Cell Front and N.F. for Nuclear Front. Error bars
represent the standard error on the mean. ∗ ∗ ∗, ∗∗ and ∗ for Pvalue respectively < 0.0001, < 0.001,
and < 0.01. ns for non significant. Statistical test: Fisher Test for f), Mann-Whitney Test for g) and i).
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Figure 7.2 (facing page): Fig 2 : Arp2/3 based actin polymerization is required for dendritic cells
passage through constrictions. a) Normalized cell percentage of passage, b) Normalized passage
time in 7 µm2 constrictions. Red line drawn at 1. Each condition is normalized and/or compared to its
control. n > 50 cells for each conditions except for Delk32-Hmz (n=18) Delk32-Htz (n=29). Hmz for
homozygote, Htz for heterozygote. Frmns for formins, MT for microtubules. Data represent means
of at least 2 independent experiments. c) Mean instantaneous cell velocity in straight 35 µm2 (7 x 5
µmxµm) channels without constrictions. n > 200 cells for each conditions. d) Percentage of nuclear
entry in non passing cells. e) Time spent in constrictions by non passing cells, red line drawn at 1,
n> 35 cells per condition. In a) c) and d) error bars represent the standard error on the mean. In b)
and e) box extends from the 25th to 75th percentiles, whiskers: Min to Max. ∗ ∗ ∗, ∗∗ and ∗ for Pvalue
respectively < 0.0001, < 0.001, and < 0.01. ns for non significant. Statistical test: Fisher Test for a)
and d), Mann-Whitney Test for b) and e).
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Figure 7.3 (facing page): Fig 3 : Dendritic cells assemble a dense actin network around their
nucleus during nuclear deformation in constrictions. a) Montage of an iDCs migrating through a
7 µm2 constriction. Yellow and pink arrows for actin accumulation respectively at the cell rear and
front. Scale bar overlay : 30 µm, Actin and DNA : 15 µm. b) Mean actin intensity in constriction
normalized to the mean actin intensity in the whole cell as function of the nuclear passage time
in constrictions. c) Green : Mean actin intensity around the nucleus normalized to the mean actin
intensity in the whole cell as function of the nuclear center of mass position. Red: Nuclear circularity
as function of the position of the nuclear center of mass. Dark green (red) for the mean and light
green (red) for the standard error on the mean. d) Representative image of iDCs before and in 1.5
x 3 µmxµm and 5 x 5 µmxµm constrictions. Scale bar 15 µm. e) Ratio of the normalized mean
actin intensity in constriction and before constrictions as function of the constriction width. Each dot
represent a cell. lines represent the mean and bars standard deviation. Comparison done against the 5
x 5 µmxµm constrictions. ∗ ∗ ∗, for Pvalue < 0.0001. ns for non significant. f) Mean actin intensity
around the nucleus normalized to the mean actin intensity in the whole cell as function of the nuclear
center of mass position for 1.5 x 3 µmxµm and 5 x 5 µmxµm constrictions. w for constriction width
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Figure 7.4 (facing page): Fig 4 : The Arp2/3 nucleated actin meshwork facilitates nuclear squeez-
ing through constrictions by breaking the lamin A/C network. a) Maximum intensity of a 3D stack
of 21 images with 0.3 µm z-step (100X, binning 1). Localization of F-actin, Lamin A/C and DNA in
iDC migrating through a 7 µm2 constriction with immunostaining. Right : zoom in the constriction.
Saturation of the intensity to clearly visualize the DNA and lamin A/C staining in the constriction.
b), e), i) Quantification of Lamin A/C depletion after siRNA. Myosin II HC is taken as loading con-
trol. c) Percentage of passage of control and Lamin A/C depleted iDCs in 5 µm long constrictions.
Percentage of passage is significantly different from zero for Lamin A/C depleted cells (Pvalue =

0.02046) but not for control cells (Pvalue=0.3134). n > 50 cells for each condition. Unless when
indicated with lines, comparison is done against the rate of passage in 5 x 5 µmxµm constrictions. d)
Cell (blue) and nuclear (green) passage time for control and Lamin A/C depleted iDCs as function
of constrictions dimensions in 5 µm long constrictions. n > 35 cells for each condition. f) and g)
Respectively percentage of passage and passage time as function of Lamin A/C depletion and Arp2/3
inhibition with CK666 in 7 µm2 constrictions. h) Percentage of passing cells with actin assembly
as function of the Lamin A/C depletion and Arp2/3 inhibition in 7 µm2 constrictions. j) and k) Re-
spectively percentage of passage and passage time as function of Lamin A/C depletion and Myosin
II inhibition with blebbistatin in 7 µm2 constrictions. Quantification in f), g), h), j) and k) were per-
formed in 7 µm2 constrictions and unless when indicated with a line, comparisons were done against
the control siRNA. n > 30, 13, 50, 25 for each condition of respectively f), g) and h), j), k). c), d), f),
h) and j) error bars indicate the standard error on the mean. g) and k) box extends from the 25th to
75th percentiles, whiskers: Min to Max. ∗ ∗ ∗, ∗∗ and ∗ for Pvalue respectively < 0.0001, < 0.001, and
< 0.01. ns for non significant. Statistical test: Fisher Test for c), f), h) and j), Mann-Whitney Test for
d), g) and k). Ctrl for siControl.
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Figure 7.5 (facing page): Fig S1 : Details of dendritic cells migration through 20 µm long con-
strictions. a) Image from an optical profilometer of a region of a master mold containing channels
with constrictions. The depletion of height in constrictions can be observed. b) Confocal imaging
based channels and constrictions height determination. While the channels height is constant, the
constriction height increases with the constriction width. Quantification done on 20 channels and
constrictions. Line represent the mean height and the error bar the standard deviation. Chnl for chan-
nels, Const for constriction. 7 µm represents channels without constrictions. Constriction length = 20
µm c) Montage of an iDC trying to migrate through a 1 µm wide (2.2 µm2 of cross section) constric-
tion. Zoom on the constriction to visualize nuclear protrusion in the constriction. d) and e) Montage
of an iDC migrating through a respectively 1.5 µm, 5 µm wide (4.5 µm2, 25 µm2 of cross section) con-
striction. Right: Zoom on the constriction to visualize nuclear deformation during passage through
constriction. While the nucleus deforms a lot in the 4.5 µm2, only a small nuclear deformation is
observed in the 25 µm2 constriction. Scale bar 30 µm for phase contrast and DNA overlays, 15 µm for
zoom of the DNA in constrictions. L for constriction length and e for constriction width. f) Quantifi-
cation of the time spent by non passing cells in constrictions function of the constriction width (thus
cross section). Each dot represent a cell. The mean non passing time (> 14 minutes) is much higher
than zero, meaning that cells which do not pass constrictions do not turn back because of a lack of
persistence.
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Figure 7.6 (facing page): Fig S2 : The physical limit imposed by the nucleus is independent of
pore length. Characterization of the 5 µm long constrictions. a) Top: phase contrast image of
a channel with a 5 µm long and 2 µm wide constriction. Middle and Bottom: 3D reconstruction
from a 3D stack of 21 images with 0.3 µm z-step (100X, binning 1) Iaβ-GFP (red) iDC in a 5 µm
long and 1.5 µm wide constriction coated with PLL-PEG (white). The DNA in green is stained with
Hoechst. Middle: Different views of the 3D reconstruction. On the left, view of the cross section.
Bottom: Perspective view of the 3D reconstruction with a 45◦ angle. Scale bar Top: 30 µm, Middle
and Bottom: 10 µm. b) Confocal imaging based channels and constrictions height determination.
Each dot represents a channel or a constriction. Line represents the mean height, and the error bar
the standard deviation. Chnl for channels, Const for constriction. 7 µm represents channels without
constrictions. c) Montage of an iDCs crossing a 5 µm long, 2 µm wide and 4 µm high constriction.
i), ii), iii), iii) respectively indicate cell entry, nuclear entry, nuclear exit, cell exit. Scale bar 30 µm
height. d) Cell percentage of passage as function of the constriction width (thus cross section). n >
50 for each condition. e) Cell (blue) and nuclear (green) passage time. Comparison done against 5x5
µmxµm constrictions. ∗∗∗, ∗∗ and ∗ for Pvalue respectively < 0.0001, < 0.001, and < 0.01. ns for non
significant. Statistical test: Fisher Test for d), Mann-Whitney Test for e). f) Cell non passage time
which measures the time spent in constriction by non passing cells. Each dot represents a cell. This
parameter being higher than zero indicates that cells exit from the constriction is not due to a lack of
persistence.
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Figure 7.7: Fig S3 : Nuclear squeezing is independent of myosin II activity even in smaller
constrictions. a) Montage of a Myosin II A conditional knock out dendritic cell migrating through
a 15 µm long, 2 µm wide and 3.5 µm high constriction. We can observe the long cell front as well
as cell back which are the hallmark of Myosin II inhibited dendritic cells. b) Percentage of passage
as function of the constriction width. Non significant difference can be measured in all constrictions
between wild type and Myosin II A KO immature dendritic cells. n > 50 for each condition. c)
Cell (blue) and nuclear (green) passage time as function of the constriction width and Myosin II A
depletion. We can observe a significant increase in the cell as well as the nuclear passage time upon
Myosin II depletion in 1.5 µm wide constrictions. ∗ ∗ ∗, ∗∗ and ∗ for Pvalue respectively < 0.0001, <

0.001, and < 0.01. ns for non significant. Statistical test: Fisher Test for b), Mann-Whitney Test for
c).
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Figure 7.8 (facing page): Fig S4 : Mature dendritic cells nuclear squeezing requires both myosin
II and Arp2/3. a) Quantification CD86 (a co-stimulatory protein) expression in immature (blue) and
mature (red) dendritic cells. Light blue (red) and dark blue (red) for cells respectively not stained and
stained with with CD86 antibody. The ordinate represents the number of cells and the absciss the
signal of CD 86. The light (red and blue) curves represent the background signal. We can observe
an higher CB86 signal in mature dendritic cells compared to the immature ones. b) Normalized
percentage of passage. Error bars represent the standard error on the mean. n > 50 for each condition
excepted for (Myosin II WT + CK666; LPS (+); CCL21 200 ng/ml) where n=36 and (Myosin II KO;
LPS (+); CCL21 200 ng/mL) where n=8. Samples in the WT group are normalized and compared to
the control immature (WT; LPS (-)). Samples of the second group (MyoII KO) and third group (WT
+ CK666) are normalized and compared to corresponding samples in the first group (for example
(MyoIIKO , LPS (+); CCL21 50 ng/mL (+)) is normalized and compared to (WT , LPS (+); CCL21
50 ng/mL (+)) and (WT+CK666 , LPS (+); CCL21 200 ng/mL (+)) is normalized and compared
to (WT, LPS (+); CCL21 200 ng/mL (+))). c) Passage time. Box extends from the 25th to 75th

percentiles, whiskers: Min to Max. n > 18 for each condition excepted for (Myosin II KO; LPS (+);
CCL21 200 ng/mL) where n=1. CK666 was used a 50 µm. LPS for Lipopolysaccharide. CCL21
is a chemokine recognized by the chemokine receptor CCR7. Note that the passage time is not
normalized. Comparison made in the same way than for b). ∗ ∗ ∗, ∗∗ and ∗ for Pvalue respectively <

0.0001, < 0.001, and < 0.01. ns for non significant. Statistical test: Fisher Test for b), Mann-Whitney
Test for c).
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Figure 7.9 (facing page): Fig S5 : Actin increases around the nucleus only above a given nuclear
deformation. a), b), c) Left- Mean actin intensity in constrictions normalized to the mean actin in-
tensity in the whole cell as function of nuclear passage in constrictions. 0 represents nuclear entry in
the constriction and 1 nuclear exit from the constriction. Right- Green curve : mean actin intensity
around the nucleus normalized to the mean actin intensity in the whole cell. Red curve: nuclear circu-
larity. Curves are plotted as function of the position of the nuclear center relatively to the constriction
center. 0 indicates the center of the constriction, grey bars represent the constriction. Dark green/red
: mean; light/red : standard error on the mean. a) Constrictions dimensions : Length = 20 µm; width
= 1.5 µm; height = 3 µm. We can observe a 50% actin overshoot in constrictions during nuclear
passage and a 30% increase of the actin concentration around the nucleus when it gets deform in the
constriction (decrease in nuclear circularity). b) Constrictions dimensions : Length = 20 µm; width =

3 µm; height = 4 µm. The actin overshoot in constrictions during nuclear passage drop down to 20%
and only 10% of actin increase is observed around the nucleus. c) Constrictions dimensions : Length
= 20 µm; width = 5 µm; height = 5 µm. Only a faint actin overshoot is observed in constrictions
during nuclear passage and no actin increase is observed around the nucleus during its deformation in
constrictions.
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Figure 7.10: Fig S6 : The actin meshwork formed around the nucleus is myosin II independent.
a) Myosin IIA-GFP immature dendrititc cell migrating through a 15 µm long, 2 µm wide and 3.5
µm high constriction. The transmittd light allows to visualize the position of the constriction. We
can observe a high Myosin IIA accumulation at the cell back but no recruitment in the constriction
upon nuclear deformation. b) Representative image of a LifeAct-GFP expressing iDC treated with
50 µM of blebbistatin in a 15 µm long, 2 µm wide and 3.5 µm high constriction. We can observe the
long cell front characteristic of blebbistatin treated and Myosin IIA KO iDCs. The formation of actin
meshwork can still be observed around the nucleus in the constriction. Scale bar 15 µm.
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Figure 7.11 (facing page): Fig S7 : The actin meshwork formed around the nucleus is nucleated
by Arp2/3. a) Visualization of the Arp2/3 complex in constrictions with immunostaining. We can
observe in representative cell 1 and 2 the colocalization of Arp3 and F-actin stained with phalloidin
around the nucleus in constrictions. Control secondary antibody shows that the observed Arp2/3
localization is not an artifact induced by non specific binding of the secondary antibody. We can still
observe the actin increase around the nucleus in the constriction in this cell indicating that the Arp3
signal seen in representative cell 1 and 2 is not due to a leak of the phalloidin channel in the Arp3
channel. Bottom: Zoom at the constriction or a better visualization of the Arp3/F-actin colocalization
around the nucleus. Scale bar top : 15 µm; bottom : 5 µm. b) Percentage of cells which form the
actin meshwork around their nuclei in constrictions as function of Arp2/3 inhibition (CK666 at 50
µm) and cell passage (y for yes and n for no). Error bars represent the standard error on the mean.
∗ ∗ ∗ for Pvalue < 0.0001. ns for non significant. c) Montage illustrating the behavior of Arp2/3
inhibited, lifeAct-GFP expressing iDCs passing a constriction. No actin increase is observed around
the nucleus during its deformation through the constriction. d) Montage illustrating the behavior of
Arp2/3 inhibited lifeAct-GFP expressing iDCs which fail passing a constriction. We can observe a
transient and faint actin increase in the constriction correlating with nuclear entry in the constriction.
Constrictions dimensions : Length = 15 µm; width = 2 µm; height = 3.5 µm. Scale bar c) and d) entire
field: 30 µm; Zoom: 15 µm.
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Figure 7.12 (facing page): Fig S8 : Microtubule depolymerization inhibits the actin meshwork
formation and increases cell contractility. a) Visualization of microtubule in constrictions with im-
munostaining. Left: Control iDC in a 5 µm long constriction showing microtubule bundles formation
co-localizing with the actin meshwork around the nucleus. Right: Nocodazole treated iDC (0.5 µM)
in a 15 µm long constriction. No more microtubule bundles is observed in the constriction. Some
microtubule at the cell back have resisted to nocodazole treatment. A faint actin meshwork can be
seen in the constriction. Most of the F-actin is localized at the cell rear. b) Montage representing a
LifeAct-GFP expressing iDC treated with 10 µM of nocodazole to insure total microtubule depoly-
merization (not shown here). No more actin meshwork is observed around the nucleus during its
deformation in the constriction. Most of the actin is localized at the cell rear. c) Montage representing
a Myosin IIA-GFP expressing iDC treated with 10 µM of nocodazole. We can observe a preferential
myosin II localization at the cell rear. d) Quantification of the myosin IIA-GFP ratio between the cell
back and the whole cell in control as well as nocodazole treated iDC. We observe a far more myosin
II localization at the cell back in nocodazole treated cell than in control iDCs. b) and c) suggest an
increase in cell contractility upon microtubule depolymerization. n = 20 cells. ∗ ∗ ∗ for Pvalue <

0.0001. Constrictions dimensions : Length = 15 µm or 5 µm ( a)-Left ); width = 2 µm; height = 3.5
µm. Scale bar a) 10 µm; b) and c) 15 µm.
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Figure 7.13 (facing page): Fig S9 : Neutrophils passage through 2.2 µm2 constrictions requires
Myosin II activity. a) Montage illustrating HL60 derived neutrophils migration through a 20 µm
long, 1 µm wide and 2.2 µm high constriction. The plasma membrane (blue) is stained with Lyn-
emerald, the F-actin cytoskeleton (green) with Utrophin-mCherry and DNA with hoechst (red). We
can observe a faint actin increase in the constriction during nuclear passage. Most of the actin is
located at the cell back. Zoom on the nucleus (right) illustrates nuclear deformation in the 2.2 µm2

constriction. Scale bar 30 µm and 15 µm for the zoomed image. b) Control HL60 derived neutrophils
percentage of passage as function of the constrictions dimensions. We can observe that more than 60%
of control cells cross the 2.2 µm2 constrictions. c) Control HL60 derived neutrophils passage time as
function of the constrictions dimensions. Most of the passage time is dedicated to nuclear passage
in 1 x 2.2 µmxµm constrictions. In 2 x 3.5 µmxµm constrictions, the low passage time make difficult
to discriminate between nuclear passage and cell passage. d) and e) Respectively cell percentage
of passage and cell passage time as function of myosin II (Y27632 used at 10 µM inhibits ROCK
which is a myosin II kinase) or Arp2/3 (CK666 used at 50 µM) inhibition. f) and g) Respectively
cell percentage of passage and cell passage time as function of constrictions dimension in myosin II
inhibited HL60 derived neutrophils. We can observe that myosin II inhibition does not affect HL60
derived neutrophils passage through constrictions larger than 2.2 µm2. h) Mean actin intensity in
constriction normalized by the mean actin intensity in the whole cell. No actin overshoot is observed
in constrictions. b), c), f) and g) Unless when indicated with a line, comparison done against the 2 x
3.5 µmxµm constrictions. d) e) Comparison done against Ctrl for control. Except for a), quantification
done with Actin-GFP expressing HL60 derived neutrophils in 5 µm long constrictions. ∗ ∗ ∗, ∗ for
Pvalue respectively < 0.0001, < 0.01. ns for non significant.
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Figure 7.14: Fig S10 : Dendritic cells in collagen gels as well as makada fish macrophages mi-
grating in vivo assemble an actin meshwork around deformed nuclei. a) Maximum intensity of a
3D stack of 24 images with 0.6 µm z-step (60X, binning 1). Illustration of actin meshwork assembly
around the deformed nucleus of a LifeAct-GFP expressing iDC migrating in 2 mg/mL rat tail colla-
gen. Zoom on the region of nuclear deformation shows the local actin assembly. Scale bar 10 µm;
Zoom 3 µm. b) Montage illustrating actin meshwork assembly in makada fish macrophage migrating
during in vivo wound healing. We can observe actin meshwork localization in regions of nuclear
deformation. Time frames indicated in minutes:second. Yellow arrows indicate actin assembly and
nuclear deformation. Scale bar Zoom 30 µm
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7.2.2 Remarks

One of the first points that a reader can rise after consulting the above proposed manuscript is the
presence of many "Our unpublished data", terms that I used for coming experiments and analysis
which will be inserted to the actual manuscript before submission. In here, I will resume those
experiments and analysis.

7.2.2.1 Analysis to perform

Some straight forward analysis still need to be performed before being incorporated in the manuscript.
For instance, a better quantification of the nuclear squeezing phenotype in Arp2/3 inhibited cells will
done. I will thus measure the length of nuclear protrusion in 7µm2 constrictions in control as well as
Arp2/3 depleted cells. This measurement will be perform in cells which did not pass the constriction
to determine the threshold of nuclear deformation above which Arp2/3 is required.
In order to better describe the observed nuclear lamina rupture, we need to quantify the percentage
of nuclei with disassembled lamin A/C in constrictions and compare it to nuclei in straight channels
(respectively called X% and Y% in the manuscript). This will allow us to provide a more quantitative
description of the nuclear lamin A/C rupture in constrictions.
We also need to discriminate between lamin A/C rupture and lamina rupture. To do so, we will stain
nuclei in constrictions with lamin A/C and Lamin B1 and quantify the distribution of both proteins
in constrictions.

Another important quantification to perform is the number of dead cells in constrictions compared
to straight channels for lamin A/C depleted as well as wild type cells. Even though, a decrease in cells
survival rate can be observed in movies of lamin A/C depleted dendritic cells which have crosses
constrictions, performing this quantification can strengthen the model we propose in this research
article.

7.2.2.2 Experiments planed before submission

Two majors questions need to be answered before submission:

1. What is the effect of Myosin II inhibition in lamin A/C depleted dendritic cells. We therefore
plan to inhibit myosin II activity using blebbistatin in lamin A/C depleted dendritic cells. If our
hypothesis (lamin A/C null cell will require myosin II to inject their nuclei in constrictions),
we expect lamin A/C depleted dendritic cells to reduce their rate as well as time of passage as
already seen in HL60 derived neutrophils. This experiment was already performed once (Fig
4j,k) indicating that lamin A/C depleted cells have a lower rate of passage when myosin II is



7.2. Manuscript in preparation for submission 159

inhibited. However, we suspect a lower effect of blebbistatin during this experiment as control
cells did not exhibit the usual increase in time of passage upon myosin II inhibition.

2. Can Myosin II overactivated dendritic cells bypass the Arp2/3 based nuclear squeezing mech-
anism. The aim of this second question is to provide more clear evidences of the ability of
myosin II overactivated dendritic cells to bypass the Arp2/3 based nuclear squeezing mecha-
nism during their migration through 4-12 µm2 constrictions. Indeed, we have already shown
that nocodazole treated cells, which have previously been reported to have an overactivated
level of myosin II, do not assemble actin around their nuclei in constrictions. We want to fur-
ther assess if Arp2/3 is required in this configuration by measuring the ability of nocodazole
treated Arp2/3 KD dendritic cells to passage though narrow constrictions. We will also inhibit
myosin II in nocodazole treated cells then asses the existence of an actin assembly around the
nucleus. This experiment will allow us to discriminate between a microtubule based actin as-
sembly or a more general RhoA/Rac1 antagonistic effect. We will also inhibit both Arp2/3 and
myosin II expecting to completely stop cells from crossing narrow constrictions. Calyculin A,
a phosphatase inhibitor that increases the level of phosphorylated Myosin II regulatory Light
Chain (MLC) [Gupton 2006] will also be used to have a more direct activation of myosin II.

We expect that answering those two questions will allow us to propose a more general mechanism
of nuclear squeezing based on the balance between myosin II and Arp2/3. Cells with higher myosin
II activity and/or softer nuclei will use a myosin II based nuclear squeezing probably due to a compe-
tition between branched and bundled actin network generation while cells with relatively stiff nuclei
and/or a lower level of myosin II activity will use the Arp2/3 based nuclear squeezing mechanism.

7.2.2.3 More general remarks

The first critic one can have toward this work is that no direct proof of the role of the observed
actin assembly in nuclear squeezing has been given. We indeed showed that Arp2/3 is required for
nuclear squeezing and that nuclear deformation, lamin A/C disassembly and Arp2/3 local increase
co-localized with the actin assembly. However, we did not show that punctually removing the actin
assembly stops nuclear deformation through constrictions. We also did not show that the actin assem-
bly apply forces on the nucleus.

Two main approaches are envisaged to tackle this problem.
The first on is based on a punctual disassembly of the actin network through local inhibition of Arp2/3
or actin polymerization. Microfluidic chambers have been designed to allow rapid fluid exchange in
microchannels. Using those chambers we can inject a chemical at the cell front and measure the cell
reaction to this perturbation. The aim will be to inhibit Arp2/3 at the front of cells which have engaged
their nuclei in constrictions and have already assembled an actin meshwork around this organelle. If
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the observed actin increase around the nucleus is really based on Arp2/3, we should observe the disas-
sambly of this network. A subsequent nuclear turn back would be a direct proof of the requirement of
the Arp2/3 generated actin meshwork around the nucleus for nuclear passage through narrow pores.
The second approach we envisaged for understanding the role of the actin assembly around the nu-
cleus is to measure the forces produced by this network. To do so, we envisaged to fill channels with
deformable oil droplets and follow their deformation when a cell squeezes its nucleus in between two
of those objects. Indeed, knowing the mechanical properties of those droplets, one can determine
the field of forces from the deformation field. We then though that if actin still assemble around the
nucleus when it passes in between two oil droplets, we can measure the local force exerted by the
actin meshwork on the droplet and then obtain the force exerted on the nucleus.

The second critic toward this work is about its in vivo relevance. Indeed, we did not show that
the proposed mechanism exist in vivo. Even though the observation of the actin increase around
the nucleus in dendritic cells migrating in dense collagen gels as well as in ear explant and also in
microphages migrating in makada fish suggest that this mechanism might be used more physiological
conditions, direct proof would be great.

The main approach which has been envisaged is to inject Arp2/3 depleted dendritic cells in mouse
foot pad and record their arrival to the lymph node. If this mechanism occurs in vivo, we expect to
have a defect in dendritic cells arrival to the lymph node due to an impaired nuclear squeezing during
cell migration. We could further measure a defect in T-cell activation in lymph nodes but this might
be more difficult to asses due to the requirement of Arp2/3 in antigen uptake.
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In this last part of this manuscript, I would like to discuss the model we propose for cell migration
through narrow pores. I will start this discussion by summarizing the results obtained during my PhD.
Those results will be discussed in order to explain the emergence of the proposed mechanism. When
necessary, preliminary results will be used to orient the discussion. In the last part of this section, I
will place our findings in a broader context and discuss the contributions of this work in the general
understanding of cell migration under confinement.

8.1 An Arp2/3 based nuclear squeezing mechanism allows imma-
ture dendritic cells to pass through narrow gaps

The central finding of this PhD is that dendritic cells nuclear squeezing during migration under
confinement relies on an Arp2/3 nucleated actin network. We propose a mechanism of nuclear
passage through narrow pores based on this actin meshwork which by transiently breaking the lamina
network lower nuclear surface tension and thus facilitates cell passage through constrictions. We
further propose that this mechanism might allow cells such as dendritic cells to combine efficient
migration for environment sampling with high survival rates.
To study cell migration through highly confining spaces, we designed a macrofabrication based setup
which consists of microchannels with constrictions of known dimensions are placed. This setup
allowed us to study the kinetics of nuclear deformation during cell migration.
We first showed that dendritic cells migration through narrow constrictions (smaller than 3x4 µm2)
is limited by nuclear deformation. Immature dendritic cells overcome this limit by nucleating a
Hem1(Wave2)-Arp2/3 based actin meshwork around the nucleus above a given deformation of this
organelle. This actin network formed around the nucleus does not contain myosin II and does not
depend on the activity of this motor which is required for proper cellular migration. Interestingly,
mature dendritic cells combine this Arp2/3 based mechanism to a myosin II based contraction to
squeeze their nuclei through narrow constrictions.
We also showed that the Arp2/3 nucleated actin network assembled in immature dendritic cells
co-localized with sites of lamin A/C breakage/disassembly in constrictions. Moreover, lamin A/C
depleted dendritic cells as well as HL-60 derived neutrophils do not accumulate actin around their
nuclei in narrow constrictions and their nuclear squeezing mechanism does not rely on Arp2/3 but
on myosin II based contraction. Interestingly, this actin accumulation around the nucleus can be
observed in macrophages migrating in vivo.
Taken together and placed in a context of the antagonistic role of nuclear stiffness in cell migration
[Harada 2014], our results made us propose a model of nuclear squeezing in cells such as immature
dendritic cells and macrophages which need to migrate fast and efficiently while surviving long
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enough to accomplish their function. Dendritic cells lamin A/C expression level is higher than the
one of the short living but highly motile neutrophils but much lower that the one of long lived and
slowly migrating fibroblast. We then propose that cells which have similar lamin A/C expresssion
level combined to similar motility will use the Arp2/3 based actin network formed around the nucleus
to transiently break the lamin A/C thus lowering nuclear surface tension. This transient nuclear
softening will allow the nucleus to passage through the narrow pores. The subsequent lamin A/C
repolymarization at the exit of constrictions allows cells to survive to the next constriction.
We proposed that this mechanism allows both efficient migration through highly confining spaces
while preserving cell survival.

Those findings have very important implications. At first, they show that nuclear squeezing is a
process which can be uncorrelated from cell migration. It thus imply that specific machineries will
be required to deform the nucleus during migration. Second, the local and transient actin increase
around the nucleus suggest that the cell is able to sense local variation of nuclear shape. It further
suggest that local mechanotransduction processes associated or not to the nucleus are involved in cell
migration under confinement. This finding rises the question of what triggers the actin ring forma-
tion. Is it a geometrical effect? Which type of network is formed? Is this actin increase specific to the
nucelus? Third, the requirement of Arp2/3 for the formation of this actin meshwork reveals the exis-
tence of a nucleus/confinement associated Arp2/3 activation. This raises the question of which NPF
activates Arp2/3. Fourth, the observed lamin A/C breakage/disassembly implies either that forces are
locally exerted on the nucleus or proteins involved in the lamina disassembly are mechanosensitive.
Are those forces generated by the observed actin meshwork? If so, how could this actin meshwork
generate enough forces? what are the effect of such forces on the cells’ and nuclear fate? Fifth, the
dependance of mature dendritic cells nuclear squeezing on myosin II implies that maturation induces
drastic changes in dendritic cells cytoskeleton and/or nuclear mechanics. This raises the question of
what trigger such a switch. In the following, I will discussed these five points.

8.2 The nucleus as a limiting factor for dendritic cells migration

The first finding of this work is that nuclear deformation imposes a physical limitation to dendritic
cells migration. Using our constrictions based set up, we could identify 12 µm2 as the constriction
cross section below which the nucleus slows down dendritic cells migration. If this idea of the nucleus
limiting cell migration emerged years ago, it is only recently that it has been proven in cancer cells and
in lamin null cells such as polymorphonuclear neutrophils [Wolf 2013]. Our study is in our knowledge
the first one showing this process in dendritic cells. Moreover, the setup used in this work allows to
study nuclear squeezing independently of other parametes affecting cell migration. In the following, I
will discuss the choice of the setup before discussing in more details this physical limitation imposed
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by the nucleus.

8.2.1 A microchannel based set up

Until now, all studies on nuclear deformation during cell migration were performed in collagen gels
or transwells. If those setups allow to obtain a global mechanism of cell migration in complex 3D
environments, it does not permit to dissect the steps leading to forward movement in such environ-
ments. For a forward movement to occur, the cell must first polarize, a protrusion stabilize and the
cell body translocate. In collagen gels as well as in transwells, those 3 steps cannot be uncorrelated.
Indeed, the readout obtained with such system is a result of global cell migration (cell polarization
and translocation). As nuclear deformation occurs during cell body translocation, specifically study-
ing this process required a new set up.
The originality of the microchannel based setup reside in its ability to uncorrelate cell polarization
from forward movement. Indeed, once the cell enters a channel, it defines a front-back polarity which
will be kept for a given time (persistence time). Because turning or branching is abrogated in channels
the persistence time is maximized and cells will encounter a first constriction before reaching their
persistence time. To illustrate this, let’s consider an immature dendritic cell in a 7x7 µm2 straight
channel in which the cell, not the nucleus is confined. The mean measured frequency of changing
direction of those cells is 0.045 per minute meaning that such cell will change direction once every
22 minutes. If we consider the mean cell velocity which is 5 µm per minute, it gives a mean persis-
tence length of 110 µm. The first constriction in the channel being placed at 100 µm, cells changing
direction in constrictions must not be due to an intrinsic lack of persistence. For instance when mea-
suring the non passing time which measures the time spent in a constriction by a non passing cell,
we found that this parameter increased with a decreasing constriction width. This result, combined
with the increase in the frequency of changing direction (Fig 8.1) observed in smaller constriction
strongly suggests that cell non passage in constriction is due to the inability of the cell to deform
itself through the constriction. Interestingly, we found that the change in direction occured when the
nucleus reached the constriction which make us propose that the nuclear deformation is the limit-
ing factor to cell migration through narrow pores. By comparing cell behavior in channels with and
without constrictions, we can sort out specific mechanisms occurring during nuclear deformation.

8.2.2 The nucleus limits migration below 12 µm2 constrictions

We showed here that dendritic cells forward movement is abrogated in 1 µm wide constrictions, is
slowed down in 1.5 and 2 µm wide constrictions and reached its maximum in 3 µm wide constrictions
(Figure 1 and S1 in results). We could observe that movement abrogation and slow down is due to
the nucleus as those events correlate with the arrival of the nucleus at the constriction.
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Figure 8.1: Impact of constrictions in cell migration. Cells migrate though 7x5 µm2 channels contain-
ing 5 constrictions . Left: mean cell velocity. Right: frequency of changing directions.

A recent report has proposed that movement abrogation in dense collagen gels occurs when the
mean gel’s pore cross section is around 10% of the nuclear cross section [Wolf 2013]. For dendritic
cells, arrest occurs at constrictions cross section of 1x2.2 µm2 which according to the 10% ’rule’,
gives a mean nuclear diameter of 22 µm2. Such theoretical nuclear diameter is much smaller than the
estimated 75 µm2 in dendritic cells suggesting that this 10% ’rule’ might not be applied to dendritic
cells (our unpublished data. Estimation done from the shape of the nucleus in a 5x5µm2 and 20 µm

long constriction (see figure 7.5) which allows us to approximate the nuclear volume by a 5 µm sphere
given a cross section of π ∗ 52 = 75µm2 ). Two hypotheses can be proposed to explain this arrest at
10%. The first one already advanced by Wolf et al. put forward that this limit is set by the nuclear
shape (mononucleated versus polylobulated) [Wolf 2013]. The second hypothesis we considered is
based on nuclear mechanical properties. A signaling based hypothesis would be a curvature sensing
mechanism which would prevent nuclear deformation above a given limit. Such mechanism would
prevent cells from destroying their nuclei during migration. The main argument for the first hypothe-
sis is that even if neutrophils and T-blast cells are both depleted of lamin A/C, neutrophils which have
polylobulated nuclei migrate through denser collagen gels than T-blast cells [Wolf 2013]. However,
a recent study from Lammerding’s lab have shown that neutrophils passage through small pores is
controlled not by its polylobulated nucleus but by its nuclear stiffness [Rowat 2013]. Moreover, Wolf
et al. did not discuss the possibility that T-blast cells might be less contractile than neutrophils. As
the proposed mechanism of nuclear squeezing, in that paper, was based on myosin II contraction,
higher contractility could explain the ability of neutrophils to migrate through denser collagen gels.
A relative difference of nucleoplasm mechanical property was also not discussed in this paper.
The second hypothesis which we privileged could also explain why decreasing lamin A/C increases
cells migration efficiency in 3D environments ([Harada 2014], our data).
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However, even if lamin A/C KD dendritic cells are more able to pass 1x2.2 µm2 constrictions, their
rate of passage in such constrictions stays very low compared to HL60 derived neutrophils. We en-
visaged that this differentce might be due to a difference in nucleoplasm mechanical properties or in
global cell ability to generate forces. Two types of experiments could be carried out to descriminate
between a nuclear mechanics or cell mechanics based arrest. For instance, we can imagine an ex-
periment where the chromatin would be decondensed using Trichostatin A (TSA) ([Pagliara 2014])
in lamin A/C KD dendritic cells and cell rate of passage through 1x2.2 µm2 constrictions could be
measured. This would allow us to asses the role of nucleaoplasm mechanics in cell passage through
1x2.2 µm2 constrictions. On the other hand, we could increase cell contractility using for example
nocodazole or calyculin A then asses lamin A/C KD ability to squeeze through 1x2.2 µm2 constric-
tions.
We also defined a range of constrictions sizes where the nucleus slows dendritic cells migration. In-
deed, in constriction cross sections of 1.5x3 and 2x3.5 µm2, more than 50% of the passage time is
due to nuclear passage through constrictions. Such pore sizes have been observed in vivo. For in-
stance, mouse connective tissues such as the one in the back dermis and mammary gland contain pore
sizes ranging from below 1 to 20 µm of diameter [Wolf 2009]. Conclusions drawn with our constric-
tions might thus be extended to in vivo systems. However, the high rigidity of the PDMS (MPa) might
limit the extension to in vivo environments which have been reported to be much softer [Engler 2006],
depending on the local crosslinking of the matrix.

8.3 Mechanisms of perinuclear actin meshwork formation

One of the first striking finding of this work is the formation of this actin meshwork around dendritic
cells nuclei during migration through constrictions. Interestingly, this actin assembly is observed
only above a given nuclear deformation. What induces this actin increase is one of the most im-
portant question that I tried to answer all along this PhD. To date, four hypothesis were envisaged:
a retrograde flow induced actin accumulation, an adhesion induced F-actin increase, a microtubules
induced F-actin recruitment and a local Arp2/3 based actin nucleation. Those hypotheses will be
discussed in the following sections.

8.3.1 A retrograde flow based actin increase

We hypothesized that the actin increase around the nucleus might be due to the retrograde flow gener-
ated at the cell front. Actin filaments, polymerized at the cell front would arrive at the nucleus which
would act as a clog in the constriction thus limiting further actin flow toward the cell rear. Actin
filaments, would then accumulate around the nucleus as long as the nucleus is in the constriction and
would disappear when the nucleus exit the constriction. A dense actin network polymerized at the
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front of neutrophils migrating in 5x5µmxµm channels has been shown to undergo retrograde flow
[Wilson 2013]. Even though such actin retrograde flow has been shown to vanish at the nucleus, we
can still imagine that the nuclear confinement can allow the retrograde flow to survive longer. In
order to asses the role of actin retrograde flow in the actin meshwork formation, direct measurement
of this flow are needed. We could for example perform photoactivation experiments on a region at
the cell front and follow this region over time. We would expect the bleached region to accumulate
at the constriction. If our hypothesis is true, changing the velocity of the actin retrograde flow should
change the intensity of this actin increase. For instance, faster retrograde flow would lead to higher
actin accumulation while slower retrograde flow should inhibit the actin ring formation.
However, some of our results do not support this hypothesis. For instance, myosin II inhibition, which
has been shown to slow down actin retrograde flow [Burnette 2011] does not affect the actin mesh-
work formation. Moreover, microtubule depolymerization with nocodazole which has been shown
to over-activate myosin II [Krendel 2002] thus increase the retrograde flow inhibit actin meshwork
formation. Even though we cannot exclude other motors based actin retrograde flow, this hypothesis
does not seems to be the most consistent with our actual data.

8.3.2 Adhesion based actin formation

The second hypothesis we explored to explain the actin ring formation is an adhesion based F-actin
recruitment. We indeed hypothesized that focal complexes at the constriction could strengthen under
force then recruit actin filaments. Such mechanism would be reminiscent of the F-actin recruitment
upon clutch engagement in mesenchemally migrating cells [Chan 2008].
Our hypothesis being based on the existence of focal complexes at the constriction, we tested it by
inhibiting focal adhesion formation in constrictions using PLL-PEG. Actin ring was still observed in
cells migrating in PLL-PEG coated constrictions suggesting that focal complexes are not required for
the actin ring formation.
However, we cannot exclude that the PLL-PEG coating was not effective in constrictions. For in-
stance, no retrograde flow measurement was performed to verify the previously reported increase in
actin retrograde flow upon adhesion inhibition in dendritic cells [Renkawitz 2009]. Nevertheless, un-
published data from Emmanuel Terriac showed that focal adhesions do not form inside channels. For
instance, vinculin stained dendritic cells plated on glass coverslip show nice focal complexes while
the signal of the staining is rather diffuse inside channels. This result suggests that dendritic cells do
not form adhesion complexes in channels or in constrictions and therefore, weaken the hypothesis of
an adhesion based perinuclear actin meshwork formation.
To further test this hypothesis, we could coat our microchannels with Pluronic F-127 which efficiency
in inhibiting focal adhesion formation has already been proven [Bergert 2012]. Performing immunos-
taining of some focal adhesion proteins such as talin and paxillin would allow us to asses the existence
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of focal adhesion in constrictions. A more direct approach would be to inhibit Talin in dendritic cells
ans assess cell ability to assemble the perinuclear actin network.

8.3.3 Microtubules based F-actin recruitment

We also hypothesized that the actin accumulation in constrictions might be due to microtubules dy-
namics.
Microtubule form bundles in constrictions as revealed by immunostaining (See 7.12a) and
those filaments have been shown to regulate the actin cytoskeleton ([Preciado López 2014],
[Waterman-Storer 1999a]). For instance, microtubule growth has been proposed to activate the small
GTPase Rac1 [Waterman-Storer 1999b]. Moreover, the actin elongator formin which is also pro-
posed to be an actin nucleator has been shown to promote the alignment of the microtubule and actin
cytoskeleton [Ishizaki 2001]. We though that the dynamics of the perinuclear microtubule network
in constrictions could promote actin polymerization/rearrangement around the nucleus. This would
be done through either local Rac 1 activation or a formins mediated actin network alignment to the
microtubule bundles in constrictions.
Our main argument supporting this hypothesis is that nocodazole treated cells do not assemble an
actin meshwork around the nucleus (see 7.12a, b) suggesting that microtubule are involved in actin
ring formation. However, microtubule depolymerization has been shown to activate myosin II con-
tractility [Krendel 2002]. We thus can not exclude that the observed disappearance of the actin ring
is due to actin recruitment at the cell rear which would then prevents the perinuclear actin meshwork
formation. Formins inhibitions with the general formins FH2 domain inhibitor (SMIFH2) does not
inhibit the actin meshwork assembly (Our data) suggesting that the actin network formation is inde-
pendent of a formin based F-actin alignment with the microtubule network.
To test this hypothesis, we envisaged to remove the perinuclear microtubule network and assess the
formation of the perinuclear actin meshwork in constrictions. Remodlin, a recently designed chemi-
cal has been proposed to detach microtubules from the nucleus [Larrieu 2014]. Using this drug could
allow us to specifically study the relationship between the presence of a perinuclear microtubule net-
work and the actin ring assembly. Some of our preliminary results suggest than dendritic cells still
assemble the perinuclear actin meshwork in constrictions when treated with remodlin. Further ex-
periments are required to asses the depolymerization of the perinuclear microtubule network upon
remodlin treatment in dendritic cells.
A more direct experiment to asses the role of microtubule in the actin meshwork formation would be
to silence the Rho-GEF, GEF-H1 in dendritic cells thus prevent RhoA activation upon microtubule
depolymerization and asses the actin meshwork formation. Indeed, if the observed dis-appearance of
the actin meshwork observed in nocodazole treated cells is due to Rac1 inhibition induced by GEF-H1
mediated RhoA activation ([Sander 1999], [Krendel 2002]), depleting this RhoA-GEF would rescue
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the perinuclear actin meshwork formation upon nocodazole treatment.

8.3.4 Arp2/3 based nucleation

The last hypothesis we tested to explain the formation of this perinuclear actin meshwork in con-
strictions is a local polymerization mechanism. We indeed hypothesized that local activation of actin
nucleators such as Arp2/3 could promote actin polymerization around the nucleus. Our main argu-
ment supporting this hypothesis is that Arp2/3 inhibition or knock down abrogates the perinuclear
actin meshwork formation. Moreover, we observed an Arp2/3 increase at the site of the actin accu-
mulation around the nucleus in constrictions.
This hypothesis involves a local recruitment and activation of Arp2/3 at the constriction during nu-
clear passage. Two possibilities have been envisaged to explain the local Arp2/3 activation: Arp2/3
recruitment from the nucleus and confinement driven Arp2/3 activation by nucleation promoting fac-
tors (NPFs).

8.3.4.1 Arp2/3 recruitment at the nucleus

The first hypothesis we envisaged is a local recruitment of Arp2/3 at/on the nucleus. Our main
argument supporting this hypothesis is that all components of the Arp2/3 complex have been reported
to exist in the nucleus [Gieni 2009]. Moreover, Arp2/3 can be activated inside the nucleus. It has
indeed be shown that viruses such as the Baculovirus Autographa Californica Multiple Nucleopoly-
hedrovirus promote Arp2/3 accumulation in the nucleus then its activation via a viral homologue of
WASP [Goley 2006]. This nuclear Arp2/3 based actin polymerization was proposed to be necessary
for viral proliferation [Goley 2006]. N-WASP, an Arp2/3 activator has also been reported in the
nucleus [Gieni 2009]. Moreover, the small GTPase Rac1 possess a Nuclear Localization Signal
(NLS) and its GTP exchange factor SmgGDS is a nucleocytoplasmic shuttling protein. Rac1 which
can activate N-WASP as well as the Wave complex can thus shuttle through the nucleus [Gieni 2009].
We can therefore imagine a model where upon nuclear deformation, Rac1 would shuttle inside
the nucleus leading to Arp2/3 activation then actin polymarization. If this model is true, the actin
ring must form inside the nucleus as it has already been proposed during Starfish Oocytes nuclear
envelope breakdown prior cell division [Mori 2014]. However, immunostaining of the nuclear pore
complex shows that the actin ring forms out of the nuclear envelope (Data from Matthew Raab).
Thus, the Arp2/3 accumulation which co-localizes with the actin ring would also be expected to be
localized out of the nucleus. Proper immunostaining experiments would be necessary to determine
the relative position of the nuclear membrane and the Arp2/3 complex during nuclear squeezing.
We can also imagine a model where upon nuclear deformation, Rac1 or even Arp2/3 would exit
from the nucleus leading to a local actin polymerization. If Rac1 is small enough (<26 kDa) to
shuttle through the nuclear pores by diffusion [Gieni 2009], Arp2/3 exit from the nucleus might
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require nuclear envelope breakage. In mouse dendritic cells, we observed lamin A/C breakage but
not nuclear envelope rupture. However, data from Matthew Raab indicate that the nuclear envelope
of Hela cells as well as human dendritic cells rupture during there passage through constrictions
suggesting that mouse dendritic cells might also rupture their nuclear envelope when squeezing
through narrow pores. A way to test this hypothesis would be to express fluorescent NLS in dendritic
cells and follow the dynamic of this protein during nuclear squeezing. If our hypothesis is true,
we will observe a fluorescence leakage in the cytosol. However, knowing the difficulties we had in
expressing proteins in dendritic cells, the best option might be to perform immunostaining of the
nuclear envelope and see if some rupture points are observed.

8.3.4.2 NPFs confinement induced Arp2/3 activation

The second hypothesis we envisaged for explaining a local Arp2/3 recruitment at the constriction dur-
ing nuclear passage is purely based on mechanics. We indeed though that local increase of the shear
stress between the nuclear membrane and the plasma membrane could induce Arp2/3 recruitment
after NPFs activation. This hypothesis implies that any object large and stiff enough to be confined in
a constriction would induce the actin ring formation. Our main argument supporting this hypothesis
is that actin accumulates around oil droplets internalized by dendritic cells (preliminary results, see
figure 8.2). In addition, lamin KD dendritic cells which have softer nuclei do not form the actin ring.
Moreover, unpublished data from Dyche Mullins’ and Dan Fletcher’s Labs show that confining the
Wave complex with micropatterns combined to an AFM tip induces a local increase of the actin gel
branching density as filaments elongation is impair by the confinement. This increase in branching
density leads to the formation of a dense actin network and to Arp2/3 concentration. This in vitro

study can be reported to our in cellulo system where nuclear passage by confining NPFs such as the
wave complex would induce the perinuclear actin network densification. This is supported by the fact
that the wave complex seems to be required for nuclear squeezing through constrictions. To further
test our hypothesis more experiments would be required to localize the Wave complex in constric-
tions. We will also need to show that the Wave complex is involve in the actin ring formation. For this
purpose, we could record the actin dynamics in constrictions in Wave depleted dendritic cells. We
could for example deplete Hem1, the hematopoietic lineage specific Wave complex component then
asses the actin accumulation around the nucleus in cosntrictions. More oil droplets experiments are
also required to confirm that droplets deformation induces local actin accumulation in constrictions.
We will also need to show that Arp2/3 inhibition impairs droplets passage through constrictions.
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Figure 8.2: Oil droplet passage through a constriction. Montage of an immature dendritic cell passage
through a constriction. The cell has internalized an oil droplet (in blue) which is used to mimic the
nucleus. We can observe the expected actin increase during nuclear passage. Interestingly, the actin
remains in the constriction after nuclear exit. Zooming in the constriction (Left) allows to observe an
actin increase around the droplet as indicated by the white arrow on the images. Scale bar 30 µm and
10 µm for the zoomed images
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8.3.5 Conclusion

In conclusion, our data put forward the hypothesis of a local Arp2/3 activation based actin formation.
We propose that the local shear increase induced by nuclear confinement promotes Arp2/3 activation
either through microtubules based Rac1 activation or geometrical confinement induced Wave complex
activation. Even though many more evidences are required to prove this hypothesis, our data seem
to exclude the possibility of a nuclear specific actin meshwork formation but rather put forward a
general mechanical pathway used by cells to deform rigid objects through narrow pores.

8.4 Role of the actin accumulation in nuclear passage through
constrictions

In this section, I would like to discuss how the actin ring could mediate nuclear passage though
narrow pores. If we have provided some evidences about the mechanism of actin ring formation,
many experiments are still required to understand the role of the actin ring in nuclear squeezing.
However, based on our results, we envisaged some hypotheses which could explain the perinuclear
actin meshwork based nuclear squeezing.

8.4.1 Breaking the Lamina network to allow nuclear passage through narrow
pores

Our first hypothesis is that the actin ring applies compressive forces on the nucleus which, by releas-
ing the nuclear surface tension through lamina breakage, allows cells to pass through constrictions.
Our main arguments supporting this hypothesis is the requirement for Arp2/3 for the perinuclear actin
meshwork formation and cell passage through constrictions as well as the observed lamina disassem-
bly in constrictions at sites of actin increase.
As said in the section 3.1.1.2 of the introduction, stress-stiffening is an intrinsic property of
crosslinked actin networks. Having such property implies that a crosslinked actin network, sub-
jected to a mechanical load can generates opposing forces as big as the applied forces. Emerging
evidences suggest that confined actin networks, under compression can generate opposing forces
even higher than the applied one ([Greene 2009], unpublished data from Dyche Mullins’ Lab). For
instance, Greene et al. have shown that an actin network made of short, unconnected filaments con-
fined between mica plates can generate repulsive forces higher than the initial compressive forces
[Greene 2009]. They proposed a model in which under compression, actin filaments will bend stor-
ing enthalpic energy which when released after decompression leads to higher repulsive forces.
We expect the actin network constituting the actin ring to be a dense crosslinked actin network as it
is nucleated by Arp2/3. One can thus argue that the higher repulsive forces observed by Greene et al.
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will not be seen in the perinuclear actin network which response to mechanical load might be dom-
inated by the entropic elasticity (discussed in 3.1.1.2). Interestingly, unpublished data from Dyche
Mullins’ lab suggest that a Wave2-Arp2/3 nucleated actin network confined by an AFM tip, can exert
repulsive forces higher than the initially applied force.
Thus the perinuclear actin network could generate compressive forces. The lamin A/C network is
viewed as an elastic solid which has been reported to stretch and even peel off under shear stress
([Rowat 2005], [Pajerowski 2007], [Swift 2013]). We can thus imagine that the compressive force
generated by the actin ring applied on the nucleus could lead to the breakage of the lamin A/C net-
work. Once the lamin A/C network is broken, the nucleoplasm which has been proposed to set the
rheological properties of the nucleus [Pajerowski 2007] would flow in the constriction.
Several experiments can be carried out to further test this hypothesis. The first one would be an
immunostaining experiment to see if dendritic cells still show a broken lamin A/C network during
nuclear squeezing after microtubules depolymerisation (which inhibit the actin accumulation around
the nucleus). We could, in addition, perform super resolution microscopy or electron microscopy
to first asses the type of network constituting the perinuclear actin accumulation and second, show
the broken state of the lamin A/C in constrictions. Moreover, performing live imaging of the A-type
lamin and the actin network would allow us to determine the dynamic of the lamina disassembly dur-
ing actin assembly in constrictions. A more direct experiment would be to use optogenetic to locally
activate actin polymerization around the nucleus in cells such as Hela cell which do not pass small (2
µm wide) constrictions and see if it induces lamina breakage and cell passage through constriction.

8.4.2 Phosphorilation based nuclear passage through constrictions

The second hypothesis we envisaged to explain the actin ring based nuclear squeezing is a phospho-
rilation based lamin A/C disassembly. Lamin A/C contains 61 known phosphorilation sites which
are targeted by various kinases including mitotic cyclin-dependent kinase CDK1, the protein kinase
C family (PKC) [Simon 2013] and the serine/threonine kinase Akt/PKB [Bertacchini 2013]. Phos-
phorilation based lamin A/C disassembly has been well studied during mitosis and recent evidences
showed the importance of phosphorilation in lamin A/C regulation during interphase [Kochin 2014].
For instance, the S 22 residue whose phosphorilation by CDK1 is crucial for laminA/C disassembly
during mitosis [Heald 1990], can also be phosphorilated in interphase cells leading to an accumula-
tion of lamin A/C in the nucleoplasm compared to the lamina region [Kochin 2014].
We thus though that the actin accumulation could, either by retrograde transport or local increase of
compression on the nucleus, drive the recruitment of kinases such as PKC which through phosphori-
lation of the laminA/C network would lead to its disassembly.
Tension dependent lamin A/C phosphorilation has already been proposed by Swift et al.. However,
in their recent publication [Swift 2013], Swift et al. showed a decrease of the lamin A/C phosphori-
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lation at the S 390 residue when cells are subjected to increasing tension. Moreover, phosphorilation at
the S 390 residue has recently been proposed to promote lamin A/C recruitment at the lamina network
[Kochin 2014]. In addition, lamin A/C recruitment at sites of force application on isolated nuclei has
recently been reported [Guilluy 2014]. Those results, thus suggest that tension would rather drive
lamin A/C recruitment at the nuclear lamina. However, we cannot exclude that the lamin A/C recruit-
ment at sites of force application might be a second step [Le Berre 2012]. We can indeed imagine
that tension can first trigger phosphorilation of other residues such as the S 22 leading to the disassem-
bly of the lamin A/C network. A second phosphorilation cycle would trigger lamin A/C recruitment
back to the lamina region. To test this hypothesis, the phosphorilation state of lamin A/C must be
determined. We can, for example, stain for the phosporilation state of the S 22 and the S 390 in cells
crossing constriction. If our hypothesis is true, we would expect a high S 22 phosphorilation in con-
strictions, co-localizing with the actin ring. High laminA/C phosphorilation at the S 390 residue would
be expected at the exit of the constriction where the lamin A/C network is already reformed. Another
sets of experiments to asses the role of lamin A/C phosphorilation in nuclear squeezing would be to
inhibit some kinases such as the PKC and asses cell passage through constrictions. However, lots of
controls would be required to asses the specificity of those kinases inhibition.

8.4.3 How are forces transmitted to the nucleus

The two hypothesis discussed above imply that forces are transmitted from the perinuclear actin mesh-
work to the nucleus. It is then interesting to discuss how could this actin meshwork transmit forces to
the nucleus.
Forces can be transmitted to the nucleus in two ways: either through a direct/adhesion-like interaction
or an indirect/adhesion-independant (for example pushing) interaction. It is now believed that direct
cytoskeleton-nucleus force transmission is mediated by the LINC complex (see 4.4.2). For instance,
the two main actin structures which have been proposed to be involve in nuclear mechanotransduction
(Actin Cap and TAN lines) require the LINC complex.
However, in confining spaces, adhesion-like force transmission might not be required. For instance,
the actin accumulation being continuously in contact with the nucleus, adhesion-independant inter-
action would be sufficient for force transmission. In line with this reasoning, the LINC complex
disruption through Sun2 knock out does not affect cell passage through narrow pores. Moreover,
dendritic cells which have internalized droplets assemble actin ring around it and are able to squeeze
the droplet through narrow constrictions. However, further experiments are necessary to confirm this
adhesion-independent and friction-based forces transmission hypothesis. Indeed, emerging evidences
suggest that Sun 1 and Sun 2 might be redundant [Guilluy 2014]. Moreover, we cannot exclude
the possibility of Sun 1 upregulation upon Sun 2 downregulation. Even though the droplet passage
through pores seems to exclude a linc complex based force transmission, one direct experiment to
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asses the role of the LINC complex in nuclear squeezing would be to knock down Sun 1 in Sun 2
KO dendritic cells and assess their ability to squeeze through constrictions. We could also express
the dominant negative KASH domain which prevents Sun-Nesprins interaction [Luxton 2010] and
asses cell ability to pass through narrow constrictions. We then propose a model of force transmission
to the nucleus reminiscent of the cell-substrate force transmission mechanism during dendritic cells
migration in microchannels [Hawkins 2009]. We advance that the actin network, polymerized at the
interface between the nuclear and the cell membrane will stiffen because of the confinement lead-
ing to compressive forces which will be applied to the nucleus via non specific interaction (pushing
forces). To further test this hypothesis a detailed description of the network forming the perinuclear
actin meshwork in constrictions as well as its interaction with the nucleus and the plasma membrane
is requires.

8.4.4 Conclusion on the role of the perinuclear actin meshwork in constric-
tions

I proposed that the perinuclear actin meshwork mediates nuclear squeezing during dendritic cells
migration by locally pressing on the nucleus, eventually softening it. This transient nuclear softening
can be due either to mechanically rupture of the lamin A/C or to lamin A/C phosphorylation. Further
experiments are required to confirm this hypothesis. For instance, we cannot exclude the involvement
of other motor proteins such as the type I Myosins or Myosin 18a which could generate higher forces
on the nucleus.

8.5 Role of myosin II in nuclear squeezing

One of the most intriguing observation I made during my PhD was the apparent difference between
immature and mature dendrictic cells in their nuclear squeezing mechanism. Indeed, while immature
dendritic cells nuclear squeezing requires only Arp2/3 but not myosin II, mature dendritic cells
nuclear squeezing requires on both myosin II and Arp2/3. Even though much more experiments are
requires to understand this difference, some results, obtained during this PhD already allow us to
advance some hypotheses which could explain the myosin II and Arp2/3 based nuclear squeezing in
mature dendritic cells.
The first hypothesis we put forward is mainly based on mechanics. We indeed proposed that
upon maturation, dendritic cells nucleus softening could lead to the requirement for myosin II to
generate contractile forces for pushing the nucleus through narrow constrictions. Our main argument
supporting this hypothesis is that lamin A/C depleted immature dendritic cells (in 7 µm2 constrictions,
see Fig 7.4) as well as HL-60 derived neutrophils (in 2.2 µm2 constrictions, see Fig 7.13) seem to
require myosin II for their passage through constrictions. However, Lamin A/C depleted dendritic
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cells as well as HL60 derived neutrophils, contrary to mature dendritic cells, do not require Arp2/3
for nuclear squeezing and do not exhibit an actin overshoot around their nuclei during passage
through small pores. Even though further experiments are needed to compare the dynamic of actin
increase in immature versus mature dendritic cells, we can already wonder if mature dendritic cells
do not exhibit softer nuclei than the immature ones. A key experiment to asses the validity of our
hypothesis is to perform immunostaining of the lamin A/C network in immature and mature dendritic
cells and quantify the relative thickness of this network. If our hypothesis is true, we would measure
a thinner lamin A/C network in mature dendritic cells which can then justify the still observed actin
overshoot but at the same time the requirement of myosin II as the actin meshwork will not be enough
to mediate nuclear passage through constrictions.

The second hypothesis we advanced to explain the difference between immature and mature
dendritic cells is based on an inhibition of Arp2/3 upon maturation. Some preliminary data from
Pablo Vargas suggest that Arpin (a newly discovered Arp2/3 inbhibitor [Dang 2013]) is induced
at early stages of dendritic cells activation with a maximum of expression 4 hours after activation.
Moreover, scanning electron microscopy carried out on mature and immature dendritic cells
plated on micropatterns allowed Pablo to propose that immature dendritic cells tend to form more
sheet-lamelipod like protrusions than mature dendritic cells which form more aligned actin networks.
Taken together, those data put forward that Arp2/3 is more active in immature than in mature dendritic
cells. We can then imagine that mature dendritic cells generate more bundled actin filaments which
are more prompt to be used by myosin II to generate contraction leading to an overall higher cellular
contractility compared to immature dendritic cells. This argumentation thus imply that cells with high
enough contractility will switch to a myosin II based nuclear squeezing. Interestingly, nocodazole
treated dendritic cells which exhibit higher contractility do not form the actin ring. They thus provide
the right platform for testing this hypothesis of a (RhoA-Rac1) contractility-Arp2/3 inhibition for
nuclear squeezing. Preliminary data indicate that nocodazole treatment of Myosin IIA KO cells does
not completely impair cell passage through constriction. We speculate that in this condition, the actin
ring should re-assemble around the nucleus. Further experiments, involving the measurement of actin
dynamic in dendritic cells treated with nocodazole as well as Myosin II inhibitor, will be required to
move forward.

In conclusion, the observed requirement for myosin II in mature dendritic cell nuclear squeez-
ing is an intriguing/interesting and exiting observation which drives many question. We here exposed
two hypothesis to explain this observation. The first one, based on mechanics, proposed a nuclear
softening of mature dendritic cells while the second one, based on signaling proposed an Arp2/3
downregulation after dendritic cells maturation to explain the sudden myosin II requirement for
nuclear squeezing. It is more likely that a mixture of mechanics and signaling will explain this
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phenomenon. For instance, we cannot exclude that the observed disappearance of the actin ring in
nocodazole treated cells is due to lamin A/C disassembly. We can then imagine that maturation
induce both lamin A/C disassembly and increase in contractility to drive faster migration. It is
interesting to keep in mind that lamin A/C up-regulation observed during mesenchymal stem cells
differentiation correlates with increased cellular contractility [Swift 2013]. It is also interesting to
point out that cells with softer nuclei (Lamin A/C KD and HL-60 derived neutrophils in 2.2 µm2

constrictions) require myosin II to squeeze through constrictions while immature dendritic cells
which are expected to have stiffer nuclei rely on Arp2/3.

8.6 Squeezing the nucleus through a small pore

8.6.1 Our model of nuclear squeezing during cell migration

In this section, I would like to propose a general model of nuclear squeezing through narrow pores.
A scheme of this model is presented in figure 8.3.
The first assumption of our model is that a cell in a microchannel has a given front-back polarity
and a given persistence which allows it to spontaneously enter the constriction. As said earlier, the
persistence length of dendritic cells in 7x5 µm2 channels is 110 µm. We can then assume that for such
distance, the cell will keep moving forward unless if a force opposite to its direction of migration
is applied. In the following, I will refer to this property as "homeostasis inertia". In channels, the
cell is characterized by an energy state Echnl which drives cell forward movement and is powered by
the front-back pressure gradient in microchannels [Hawkins 2009]. This pressure gradient can be fu-
eled by the acto-myosin contraction, membrane tension or as it has recently been proposed, osmotic
pressure [Stroka 2014]. We have measured an increase in the frequency of changing direction when
the width of the constriction is decreased (see figure 8.1). We then assume that the constriction is
imposing an energy barrier Econst to the migrating cell. We think that Econst will be set by the constric-
tion deformability as well as the cell deformability. The constriction being made of PDMS, a rigid
elastomer, its deformability is nearly zero. In the first approach, we can assume that a cell is able to
cross a constriction if it can provide a force leading to an energy Ecell higher than Econst. This can be
achieved by increasing the front-back pressure gradient. Here we propose an alternative mechanism
in which the cell will lower the energy barrier by changing its deformability. This can be achieved by
breaking the lamina network.
We then advance that in cells such as dendritic cells, two types of forces are required to squeeze
through constrictions. The first one F1, oriented in the direction of locomotion is powered by a front-
back pressure gradient which can be fueled by various sources including acto-myosin contraction,
cortex-plasma membrane adhesion and osmotic pressure. F1 allows to maintain the cell thus the nu-
cleus inside the constriction. Indeed, without this force, the geometry of the actin network around the
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nucleus, reminiscent of the actin comet tail geometry (see paragraph 3.1.1.2.4.3 of the introduction) ,
would rather induce nuclear expulsion from the constriction. Note that this type of force, has already
been proposed during 3D migration [Wolf 2013]. We propose here that in cells such as dendritic cells
which express Lamin A/C and still need to migrate fast, a second type of force F2 is required. F2,
perpendicular to the direction of migration is applied on the nucleus leading to the lamina network
disassembly thus releasing the nuclear surface tension. We further proposed that this force is pow-
ered by actin polymerization driven by the shear stress induced by nuclear confinement. Once the
lamina network is broken, the nucleoplasm which is considered as a viscous material will flow inside
the constriction unless if the constriction diameter is below 10% of the nuclear diameter (see section
8.2). As already proposed by Le Berre et al. a new lamin A/C network will repolymerize once the
DNA will recontact the inner nuclear membrane [Le Berre 2012]. Once the nucleus has passed the
constriction, the previously described pressure gradient will drive rear retraction. We propose that
this transient nuclear softening through lamin A/C disassembly will allow cells such as dendritic cells
to squeeze their nuclei in highly confining spaces without inducing many damages to their nuclei.

8.6.2 Limits of this model

The above proposed model is the one which for us, fits the best to our results as well as the actual
literature. However, alternative models could be proposed. For instance, one can observe that the
decrease in the percentage of passage in Arp2/3 inhibited cells does not exceed 50%. This raises the
question of which mechanism is used by those 50% of cells. We could argue that Arp2/3 inhibition
might not be total. However, more realistic explanations would be based on alternative mechanisms.
One hypothesis we envisaged is that those cells have an intrinsically higher contractility which is then
used for their nuclear squeezing as it has already been seen in nocodazole treated cells. We can also

Figure 8.3 (facing page): Proposed model for nuclear squeezing through narrow pores.1) Cell
in channel at the energy state Ecell = Echnnl. Black arrows illustrate the direction of the internal
pressure gradient. Green arrow represent the direction of the actin retrograde flow. 2) Cell entering
a constriction. Echnnl allows first nuclear protrusion which confinement induces a local increase of
the shear stress between the plasma membrane and the nuclear membrane.2-i)) The high shear stress
leads to the confinement of Arp2/3 activators such as Wave 2 thus to local Arp2/3 activation. 2-
ii)) The positive feedback loop between confinement and Wave2 activation generates the dense actin
meshwork. 2-iii)) The confined dendritic network produce compressive forces (purple arrows) applied
on the nucleus. The nuclear membrane reacts as a fluid and flow while the viscoelastic lamina network
rupture. The green and black arrows indicate the velocity profile of the fluid crossing this constrictions
region. 3) Lamin A/C rupture releases the nuclear surface tension allowing the nucleoplasm which
is a viscous liquid at this scale to flow in the constriction. The lamina network will repolymerize
at the constriction exit.4) The internal pressure gradient drives back retraction. 5) The cell exit the
constriction and goes back to its initial state.
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think that those cells have a lower expression of Lamin A/C and would thus use only Myosin II to
squeeze through pores. Our main argument supporting this hypothesis is that cells which cross con-
strictions when Arp2/3 is inhibited do not form the actin ring. To further test this hypothesis, we plan
to inhibit both Arp2/3 and myosin II and quantify the passage through narrow pores. If this hypothesis
is true, we expect to completely inhibit cell passage through constrictions.
The second hypothesis we envisaged is an actin polymerization independent nuclear squeezing. We
could indeed imagine that the recently described osmotic engine model [Stroka 2014] could be used
to apply high pressure on the nucleus from the back leading to its passage. It is for instance interesting
to observe that the nucleus clogging the constriction, front-back diffusion might be further decreased
leading to an even higher front-back osmotic pressure than the one which is measured in channels.
However, one limitation of this pressure mechanism might be that it does not produce any local de-
formation which might be require to engage the nucleus in the constriction. Nevertheless, quantifying
nuclear shape during in Arp2/3 inhibited cells might give a hint for the osmotic engine hypothesis.
We would indeed expect, if the hypothesis is true, to measure a variation of the nuclear deformation
field at the interface between the channel and the constriction.

8.7 Perspectives

8.7.1 An intriguing Arp2/3 based nuclear squeezing

An important role of the nucleus in cell migration has been proposed more than a decade ago with
the discovery of the mechanosensitive property of the nucleus [Maniotis 1997]. However, direct
proof of such hypothesis arose only during the last 2 years. Indeed, in 2013, Wolf et al proposed
that the nuclear shape limits 3D cell migration in cancer cells as well as Lamin A/C null immune
cells [Wolf 2013], and Harada et al advanced that nuclear lamina stiffness limits cancer cells 3D
migration [Harada 2014]. With my PhD work, we also propose that the nucleus limits immune cells,
particularly dendritic cells, migration under confinement.
Those works rose the question of the existence of a specific mechanism required for nuclear
deformation during 3D migration. Until now, all evidences were pointing toward a myosin II based
nuclear squeezing ([Lämmermann 2008], [Wolf 2013]). The originality of my PhD work resides in
the discovery and description of a new Arp2/3 based actin network assembled around the nucleus
during nuclear passage through narrow pores. The requirement of this actin accumulation around
the nucleus for the passage of lamin A/C expressing cells but not lamin A/C null cells together with
the proposed role of lamin A/C stiffness in cell survival during 3D migration allowed us to propose
a new mechanism of nuclear deformation during migration under confinement. We then proposed
that cells whose nuclei are stiffer than the neutrophils ones (higher lamin A/C expression level) but
still softer than the fibroblast ones (lower lamin A/C expression level) will use the Arp2/3 based
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nuclear squeezing to locally decrease the energy barrier set by the narrow pore. We further advanced
that this mechanism will allow cells such as dendritic cells to combine efficient migration to high
cell survival. As introduced in section 2.3, dendritic cells are antigen presenting cells which bridge
the gap between the innate and the adaptive immune response. At steady state, they patrol the body
looking for antigen which once found will lead to their activation followed by their migration towards
the afferent lymph node. Their function thus require high cell locomotion under confinement as well
as long term survival. Indeed, contrary to neutrophils which die at sites of infection, dendritic cells
need to survive after antigen internalization and processing to activate T-cells.
We here proposed that Arp2/3 based nuclear squeezing will allow them to combine efficient antigen
sampling and presentation. Macrophages are another cell type which might use the same mechanism.
They are reported as long lived cells which reside and migrate in dense tissue for antigen detection. In
line with this hypothesis, we have observed an actin accumulation around the nucleus of macrophages
migrating in vivo.
In summary, this PhD work allowed us to propose a new and unexpected mechanism for nuclear
squeezing during 3D migration. This mechanism based on Arp2/3 might be used in vivo by cells such
as dendritic cells and macrophages whose function relies on efficient migration in highly confining
spaces as well as long term survival for an adequate immune response.

I mainly discussed the contribution of the Lamin A/C network in cell passage though narrow
pores. However, recent reports proposed a role for lamin B in nuclear mechanical properties
([Harada 2014],[Ferrera 2014]). It would thus be interesting to address the question of the role
of B type lamins in cell migration under confinement. Emerin are also emerging as proteins
which regulation can affect nuclear mechanics through their regulation of the Lamin A/C network.
Addressing the role of emerin in cell passage through narrow pores might also help us to move
forward.
As introduced in the section 4.1, the nucleoplasm also contribute to the nuclear mechanical properties
it might thus play a role in nuclear squeezing through narrow pores. More experiments involving
nucleoplasm mechanical properties might be required to go further. We could for instance, ask the
question of the role of the reported actin network inside the nucleus ([Gieni 2009], [Belin 2013])
in nuclear passage through constriction. This actin network might indeed regulate the nucleoplasm
mechanical properties.
If the constrictions based setup we chose for our study allowed us to uncorrelate nuclear squeezing
from cell migration and then carefully study the first process, it also posses many limitations. Among
them, the rigidity of the channels walls might limit in vivo extension of the proposed mechanism. On
can indeed argue that tissues are much softer than 1MPa. However, the important parameter which is
the higher extracellular environment rigidity compared to the cell one is more likely to be conserved
in vivo.
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8.7.2 Cell survival during migration: role of the LINC complex

One of the most interesting actual challenge in 3D cell migration is understanding how cells survive
while migrating under such level of confinement. Indeed the high stresses imposed by the extracellular
space mechanical properties might induce defects in the cell and more importantly in the nucleus. For
instance, those stresses can induce DNA damages leading to cellular apoptosis. Emerging evidences
suggest that the lamin A/C network might play a screen effect on the nucleus thus protecting the
DNA from external forces (Our work, [Harada 2014]). Another interesting and again unexpected
observation I made during my PhD was related to the role of the LINC complex in cell survival during
migration under confinement. Indeed, I observed that Sun2 KO dendritic cells which pass narrow
constrictions as efficiently as WT cells, survive less after crossing those constrictions. Interestingly,
this increase of cell death seems to be specific to constriction passage as Sun 2 KO survive like Sun 2
WT cells in channels without constrictions. This observation gave rise to a whole new project which
is now conducted by Matthew Raab, a post doctoral fellow in our lab. Matthew interestingly showed
that this increase in cell death was related to an increase in DNA damage in Sun2 KO dendritic cells
which have crossed narrow constrictions. This suggests that not only the Lamin A/C network but
also the LINC complex might play a protective role in the nucleus. Thus, toward the end of my PhD,
the question of the cell/nuclear fate after migration under confinement, emerged as an interesting
direction to continue this study.

8.7.3 Importance of nuclear squeezing for in vivo cell migration

Our work, combined with the one of Wolf et al and Harada et al, highlights the importance of nuclear
squeezing during cell migration. For instance, a stiff nucleus will limit cell migration while a too
compliant nucleus will limit cell survival during migration. Tuning the nuclear mechanical property
might allow migrating cells to control their migration efficiency in 3D environments.
In vivo environments are characterized by their high complexity [Friedl 2011]. In tissues such as
the connective tissue of the mouse back dermis, dense collagen fibers with pore sections which can
be smaller than a micrometer [Wolf 2009] impose a high level of confinement to migrating cells.
Cancer cells overcome this physical limitation by degrading the matrix thus enlarging the pore sizes
[Wolf 2013]. However, immune cells such as dendritic cells, macrophages and neutrophils which
main role is to protect the organism might limit their matrix degradation activity. They thus need to
be able to adapt their shape to the extracellular space. This process requires a high cellular deforma-
bility.
Cell deformability is defined by cell’s mechanical properties which is set by the cytoskeleton, the
plasma membrane and the nucleus (introduced in section 3). The high dynamic of the cytoskeleton
and the high compliance of the plasma membrane position the nucleus as the cellular component
which sets cellular deformability during the fast process of cell migration under confinement. This
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Figure 8.4: Sun 2KO cells survive less in constrictions than the WT littermates. Graph of the cumu-
lative number of dead cells over time. Time is in frame and a snap shot was taken every 2 minutes.
Cells were left to migrate in microchannels for 15 hours (451 time points). The number of dead cells
was counted in straight channels as well as in channels with constrictions. This number of dead cells
was much higher in Sun 2KO dendritic cells which have migrated through constrictions (dark purple)
than in WT cells (green curves) or sun 2KO cells in straight channels (light purple).

justifies the requirement for specific mechanisms for nuclear deformation during cell migration.
Migration is usually used in vivo by cells to achieve other functions. For instance, it allows immune
cells to sample the organism for fast response to invasion and metastasic cells to invade new organs
thus allowing cancer propagation. However such tasks are complete only if cells survive their migra-
tion. Cell must thus be able to combine efficient migration to high survival rate. Interestingly, the
A-type lamins proteins which set the nuclear mechanical properties are converging as the proteins
which orchestrate efficient cell migration and high survival rates in 3D environments. The interesting
observations I made during this PhD concerning the role of the Sun proteins in cell survival during
migration under confinement point toward a general role of nuclear deformation in controlling both
cell migration and cell survival in 3D environments.





Chapter 9

Conclusion

In conclusion, important contributions to the understanding of cell migration under confinement were
made by this work. For instance, our work combined to the works of Wolf et al and Harada et al,
provided new insights in the role of the nucleus during 3D cell migration. The originally of our
work resides in the description of a new mechanism used by Lamin A/C expressing immune cells
to overcome the energy barrier set by nuclear deformation. In the context of the physics of cell
migration, we propose that migrating cells can overcome the energy barrier set by the extracellular
environment by transiently increasing their deformability through Lamin A/C disassembly. This new
model can be inscribed in the general idea of plascitity in cell migration where migrating cell will
adapt their physical and biochemical properties to the extracellular environment in order to preserve
their migratory function. In the context of cell biology of cell migration under confinement, our work
revealed a new role of the actin nucleator Arp2/3. We, indeed, propose Arp2/3 to be involved in
local forces production inside the cell to allow rigid objects deformation during 3D migration. Our
work also revealed a new role of the Sun 2 protein of the LINC complex in cell survival during
migration under highly confined spaces. This interdisciplinary work thus provides new insights on
how do cells combine efficient migration and high survival rate to perform their effector functions
in 3D environments. It will thus be extremely interesting to extend this work to the in vivo context
where efficient combination of cell migration and survival is required for a proper immune response
but also for metastasis formation.
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Abstract Confined migration plays a fundamental role
during several biological phenomena such as embryogen-
esis, immunity and tumorogenesis. Here, we propose a two-
dimensional mechanical model to simulate the migration of a
HeLa cell through a micro-channel. As in our previous works,
the cell is modelled as a continuum and a standard Maxwell
model is used to describe the mechanical behaviour of both
the cytoplasm (including active strains) and the nucleus. The
cell cyclically protrudes and contracts and develops viscous
forces to adhere to the substrate. The micro-channel is repre-
sented by two rigid walls, and it exerts an additional viscous
force on the cell boundaries. We test four channels whose
dimensions in terms of width are i) larger than the cell diam-
eter, ii) sub-cellular, ii) sub-nuclear and iv) much smaller than
the nucleus diameter. The main objective of the work is to
assess the necessary conditions for the cell to enter into the
channel and migrate through it. Therefore, we evaluate both
the evolution of the cell morphology and the cell-channel and
cell-substrate surface forces, and we show that there exists a
link between the two, which is the essential parameter deter-
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mining whether the cell is permeative, invasive or penetrat-
ing.

Keywords Confined cell migration · Continuum
mechanics · Computational mechanics · Forces

1 Introduction

In our previous works (Allena and Aubry 2012; Allena
2013), we have presented numerical models which helped to
understand the mechanisms controlling cell motility on two-
dimensional (2D) flat surfaces. Nevertheless, during many
biological processes such as embryogenesis, immunity and
tumorogenesis, cell migration takes place in confined envi-
ronments of tissues (Friedl and Wolf 2010). In these cases,
cell locomotion is influenced by the presence of attractant
molecules, but also by the morphology of the extracellular
matrix (ECM). In fact, the surrounding tissues may vary in
terms of heterogeneity, fibres density and organization. As
shown both experimentally (Erler and Weaver 2009; Wolf et
al. 2009; Egeblad et al. 2010; Friedl and Wolf 2010) and theo-
retically (Zaman et al. 2005, 2006, 2007; Scianna et al. 2013),
the width of the ECM pores, the degree of ECM alignment as
well as the ECM stiffness are fundamental parameters, which
determine how and how much the ECM steers or inhibits
the cell movement. Therefore, the cell needs to continuously
adapt its shape and consequently its migratory behaviour.
In tumorogenesis for instance, cancer cells develop an inva-
sive behaviour, which allows them to enter and progressively
invade healthy tissue as they are constantly exposed to bio-
mechanical and biophysical stimuli. Such adaptation requires
an internal reorganization of both the cytoskeleton and the
embedded organelles, among which the nucleus is the stiffest
and the most voluminous. Consequently, it has become essen-
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tial to quantitatively assess the cell ability to deform as well
as which mechanical forces the cell has to develop in order
to move forward within a confined micro-structure.

In the last few years, several experimental studies have
tried to provide such data. Systems like collagen gels or lat-
tices are commonly used to simulate cell migration in con-
fined connective tissues (Wolf et al. 2009). Although very
simplified, such systems are highly complex and difficult to
control since many physical parameters (i.e. gel density and
elasticity, local constrictions) may affect the global mobility
of the cell and furthermore fail to reproduce spatial tracks
or obstacles (Provenzano et al. 2008; Wolf et al. 2009; Ege-
blad et al. 2010). More recently, it has been possible to better
control, vary and tune the geometrical characteristics of the
patterned micro-structure using micro-laser techniques (Ilina
et al. 2011) or photolithography (Heuzé et al. 2011). In the
latter work, cells migrate through straight micro-channels
made of silicone rubber (i.e. polydimethylsiloxane, PDMS),
whose sub-cellular dimensions vary between 2 and 10μm
in width and highly depend on cell type. Such an approach
has provided interesting results for cancer cells (Irimia and
Toner 2009; Ronot et al. 2000), immune cells (Irimia et al.
2007; Faure-André et al. 2008) and neurons (Taylor et al.
2005). Micro-channels may be modulated in order to inves-
tigate specific biological problems such as trans-migration
ability within a well-defined geometry or the influence of the
substrate stiffness by letting channel material vary. Addition-
ally, more complex geometries can be obtained to force the
cell to take turns and explore its 2D confined environment.

From a numerical point of view, many models have been
proposed to simulate single cell migration on 2D flat surfaces
or in three-dimensional (3D) environment (Rangarajan and
Zaman 2008). Such models have used different approaches
resulting in force-based dynamics models (Zaman et al. 2005,
2006), stochastic models to simulate persistent random walks
(Tranquillo and Lauffenburger 1987; Tranquillo et al. 1988;
Stokes et al. 1991; Stokes and Lauffenburger 1991), models
reproducing the movement of cancer cell spheroids (McEl-
wain and Ponzo 1977; McElwain 1978; McElwain et al.
1979), Monte Carlo models (Zaman et al. 2007; Scianna and
Preziosi 2013; Scianna et al. 2013) or purely mechanical
models (Allena and Aubry 2012; Allena 2013). Active gel
layers submitted to external forces have been used to repre-
sent acto-myosin cells migrating in a free (Recho and Truski-
novsky 2013; Recho et al. 2013) or confined (Hawkins et al.
2009; Hawkins and Voituriez 2010) environment. Scianna
and Preziosi (Scianna and Preziosi 2013) have presented
a cellular potts model (CPM), which reproduces an exper-
imental assay very similar to those used in (Taylor et al.
2005; Irimia et al. 2007; Faure-André et al. 2008; Irimia and
Toner 2009; Rolli et al. 2010; Heuzé et al. 2011). In this
model, the cell is modelled as a discrete physical unit, includ-
ing the cytosol and the nucleus, while channels of different

widths constitute the migration chamber. The authors have
investigated the invasiveness of tumour cells by evaluating
their displacement and velocity as well as their deforma-
bility, which seems to be strongly linked to the deforma-
bility of the nucleus. In (Tozluoğlu et al. 2013), a hybrid
agent-based finite element model is proposed to evaluate
the migration strategy of the cell in different environments
such as confinement. The model is able to simulate both the
protrusion–contraction and the membrane blebbing modes
of migration. Therefore, the authors estimate the effects of
the ECM geometry on the relationship between cell veloc-
ity, contractility and adhesion, and they also find interest-
ing effects of membrane blebbing on cell velocity and mor-
phology. Finally, in (Giverso et al.), an energetic continuum
approach is employed to investigate the necessary condition
for which a cell migrate through a cylindrical channel. They
consider the nucleus either as an elastic membrane surround-
ing a liquid droplet or as an incompressible elastic material.
By taking into account and balancing different forces exerted
by and on the cell during confined movement, they are able
to determine the minimal size of the cylindrical structure and
they observe that cell ability to migrate through it depends
on both nucleus stiffness and adhesion to ECM.

1.1 Objective of the present work

In the present paper, a finite element model that reproduces
the experimental set-up used in (Heuzé et al. 2011) for HeLa
cells is proposed, which is based on the following hypotheses:

– the 2D geometry represents a top view of the global struc-
ture, and a plane stress hypothesis has been made;

– as in (Giverso et al.), a purely mechanical approach is
used to describe the cell behaviour. However, a different
mathematical method is applied. In fact, the decomposi-
tion of the deformation gradient is employed to consider
both the active (i.e. protrusion and contraction) and the
elastic (i.e. strains generated by the interaction with the
environment) strains undergone by the cell;

– contrary to previous works (Scianna and Preziosi 2013;
Scianna et al. 2013; Tozluoğlu et al. 2013), the cell is
modelled as a continuum. Nonetheless, both the cyto-
plasm and the nucleus have been originally represented
through two characteristic functions, and a standard
Maxwell model has been used to describe their viscoelas-
tic behaviour (Allena and Aubry 2012; Allena 2013;
Tozluoğlu et al. 2013);

– the cell is able to cyclically protrude and contract. Such
active strains are triggered respectively by the poly-
merization and depolymerization of the actin filaments
and are synchronized with the viscous adhesion forces
between the cell and the substrate (Allena and Aubry
2012; Allena 2013);
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Fig. 1 Geometry of the cell (a)
and frontal and rear adhesion
surfaces (b)

(a) (b)

– the micro-channel is represented by two rigid walls,
which are described by two characteristic functions, and
exerts an additional normal viscous force on the cell
boundaries when contact condition is fulfilled.

The main objective of our work is to assess the necessary
conditions for the cell to enter into the channel and migrate
through it. In order to do so, we test four different channels
whose dimensions in width are i) larger than the cell diameter,
ii) sub-cellular, iii) sub-nuclear and iv) much smaller than
the nucleus diameter. We analyse the evolution of the cell
morphology by consistently comparing it with experimental
observations, and we classify the cell behaviour according
to the covered distance inside the channel. Additionally, we
evaluate both the cell-substrate and the cell-channel surface
forces during migration, and we find that there exists a link
between such forces and the changes in cell shape, which
may be essential in determining the invasive behaviour of
the cell.

The paper is organized as follows: in Sect. 2, the geom-
etry of the cell, the constitutive model and the mechanical
approach are described. In Sect. 3, the results of the numerical
simulations are presented. First, we analyse the cell behav-
iour (Sect. 3.1). Second, we evaluate the mechanical cell-
substrate and cell-channel surface forces (Sect. 3.2), and we
find the necessary conditions determining whether the cell is
penetrating, invasive or permeative.

2 The model

In this section, we provide the general framework of the
model. First, we describe the geometry of the cell includ-

ing the cytoplasm and the nucleus. Second, we focus on the
mechanics of the system. Specifically, we introduce the stan-
dard Maxwell models, which are used to reproduce the vis-
coelastic behaviour of the nucleus and the cytoplasm. Third,
the intra-synchronization is presented. As in our previous
works (Allena and Aubry 2012; Allena 2013), this repre-
sents the key ingredient of the cell movement. In fact, we
show how the cyclic active strains (i.e. protrusion and con-
traction) are strongly coupled with the viscous forces gener-
ated by the cell to adhere to the substrate and necessary to
efficiently move forward. Finally, we describe the geometry
of the micro-channel and the associated viscous force exerted
on the cell boundaries, which allows the cell to squeeze and
pass (or not) through it.

2.1 Cell geometry

HeLa cells are human cells with a rather rounded initial
shape and a diameter of about 15 μm (Ronot et al. 2000;
Ngalim et al. 2013). For the numerical model, the geometry
of the cell has been simplified by a circular domain �cell of
radius rcell (Fig. 1a). Here, we consider two main compo-
nents of the cell: the cytoplasm (�cytoplasm) and the nucleus
(�nucleus) (Fig. 1a, Sect. 5.1). Additionally, the cell cyclically
generates a frontal (� f ) and a rear (�r ) adhesion region in
order to move forward (Allena and Aubry 2012; Allena 2013)
(Fig. 1b, Sect. 5.1).

2.2 Constitutive model and mechanics of the cell

Both the nucleus and the cytoplasm are assumed to be vis-
coelastic materials, and their behaviour is described by two
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standard Maxwell models (Larson 1998) (Sect. 5.2). On one
hand, the nucleus is composed by the nuclear lamina �lamina

(the solid phase, Sects. 5.1 and 5.2), which surrounds the vis-
coelastic nucleoplasm �nucleoplasm (the fluid phase, Sects. 5.1
and 5.2). On the other hand, the cytoplasm is essentially
made of a solid phase represented by the cell cortex �cortex

(Sects. 5.1 and 5.3) and a fluid-like phase, the cytosol �cytosol

(Sects. 5.1 and 5.3) in which the organelles such as the actin
filaments are embedded. As in our previous works (Allena
and Aubry 2012; Allena 2013), we assume that the polymer-
ization of the actin filaments inside the cytosol, which mostly
occurs at the front of the cell (Schaub et al. 2007), generates
the protrusive force at the leading edge, and their contrac-
tion due to binding of myosin generates the contractile stress
at the rear of the cell (Mogilner 2009). Such active strains
triggering the deformability of the cell are then described
through a deformation tensor Fcytosol,a (Sects. 2.3 and 5.3)
in the fluid-like branch of the symbolic standard Maxwell
model of the cytoplasm.

As described in (Allena and Aubry 2012; Allena 2013),
the global equilibrium of the system is expressed as

ρa = Divp

(
JσF−T

)
+ f adh + f channel (1)

where ρ is the cell density, a is the acceleration, Divp is
the divergence with respect to the initial position p, J is the
determinant of the deformation gradient F and A−T denotes
the inverse transpose of the matrix A (Holzapfel 2000; Taber
2004). f adh and f channel indicate, respectively, the viscous
adhesion forces between the cell and the substrate (Sect. 2.3)
and the viscous force exerted by the channel on the cell
boundaries (Sect. 2.4). Here, all the body forces but the iner-
tial effects are neglected (Gracheva and Othmer 2004; Allena
and Aubry 2012; Allena 2013).

2.3 Intra-synchronization

To describe the oscillating movement of the cell, two main
assumptions have been made:

1) the active strains of protrusion and contraction are only
applied in the cytosol. In fact, as in our previous works
(Allena and Aubry 2012; Allena 2013), we assume that
the oscillatory movement of the cell is triggered by
the periodic polymerization and depolymerization of the
actin filaments, which are embedded in the cytosol. The
former only occurs at the front of the cell, while the latter
takes place from the front towards the rear of the cell.
Therefore, although the nucleus does not undergo any
active strain, it will interact with the surrounding cytosol
apart from the protrusion phase (Friedl et al. 2011);

2) although the cell may form multiple pseudopodia (Allena
2013), here only one is generated in the direction of

migration, which, to reproduce the experimental set-up
where the cell is constrained into a micro-channel (Heuzé
et al. 2011), corresponds to the horizontal axis ix .

Therefore, the solid active deformation tensor Fcytosol,a

reads

Fcytosol,a =
{

ea0 sin
(
2 π t

T

)
hcytosol,frontix ⊗ ix if sin

(
2 π t

T

)
> 0

ea0
2 sin

(
2 π t

T

)
hcytosolix ⊗ ix if sin

(
2 π t

T

)
< 0

(2)

where ea0 is the amplitude of the active strain, t is time, T is
the migration period, hcytosol and hcytosol,front are two char-
acteristic functions (Sect. 5.1) and ⊗ indicates the tensorial
product.

As shown in (Allena and Aubry 2012), in order to be
able to effectively migrate, the cell must adhere on the
substrate otherwise it would only deform on place. Thus,
an intra-synchronization is required which coordinates the
cyclic protrusion–contraction deformations with the adhe-
sion forces f adh (Eq. 1) generated between the cell frontal
and rear adhesion surfaces and the underneath substrate. As
in previous works (Phillipson et al. 2006; Sakamoto et al.
2011; Allena and Aubry 2012; Allena 2013), such forces are
assumed to be viscous and may be distinguished into a frontal
(f adh, f ) and a rear (f adh,r ) force as follows

f adh, f (ncell) = −μadhhsync

(
−∂ea

∂t

)
v on� f

f adh,r (ncell) = −μadhhsync

(
∂ea

∂t

)
v on�r (3)

with ncell the outward normal to the cell boundary, μadh the
friction coefficient and v the velocity. The characteristic func-
tion hsync is the key ingredient of the preceding equations
since it couples the adhesion forces with the active strains,
which results in the intra-synchronization mentioned above.
Thus, we observe two main phases during the migratory
movement of the cell: i) the protrusion and the adhesion at the
rear edge; ii) the contraction and the adhesion at the frontal
edge.

2.4 Micro-channel

Here, we want to reproduce the micro-channel-based assay
presented in (Heuzé et al. 2011). Thus, the micro-channel
domain �channel is represented by two pseudo-elliptical rigid
walls with no top roof (Sect. 5.4).

When the cell enters into the micro-channel, it is then sub-
mitted to a viscous force f channel (Eq. 1), which can be distin-
guished into an upper (f channel,uwi

) and a lower (f channel,lwi
)

force as follows
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f channel,uwi

(
nuw,i

)

= −μchannel
1(

luw,i + 1
)8 + α

(
∂u
∂t

, nuw,i

)
nuw,i on∂�uw,i

f channel,lwi

(
nlw,i

)

= −μchannel
1(

llw,i + 1
)8 + α

(
∂u
∂t

, nlw,i

)
nlw,i on∂�lw,i

(4)

where μchannel is the viscosity of the micro-channel, luw,i and
llw,i are two level set functions (Sect. 5.4), α is a constant
and nuw,i and nlw,i are the outward normal to the boundaries
∂�uw,i and ∂�lw,i of the upper and lower wall, respectively,
which are here originally calculated (Sect. 5.4) (the subscript
‘i’ indicates the channel number as explained in Sect. 3.1 and
5.4). Finally, (a,b) defines the scalar product between two
vectors.

3 Results

The numerical simulations have been run using the finite ele-
ment software COMSOL Multiphysics� 3.5a. As described
in Sect. 2.2, the viscoelastic behaviour of the cell has been
taken into account. The components of the cytoplasm and
the nucleus have been implicitly described by specific char-
acteristic functions (Sect. 5.1) in order to be able to define
the parameters of the standard Maxwell models. The radius
rcortex, rcytosol, rlamina and rnucleoplasm of the HeLa cell have
been fixed to 7.5, 7.25, 4.5 and 4.4μm, respectively. Then,
the cell cortex and the nuclear lamina have a thickness tcortex

and tlamina of 0.25μm (Pesen and Hoh 2005; Tinevez et
al. 2009; Jiang and Sun 2013) and 0.1μm (Righolt et al.
2010), respectively. The nominal values of the Young mod-
uli Ecortex,0 of the cell cortex and Ecytosol,0 of the cytosol
have been chosen equal to 100 and 10 Pa (Crick and Hughes
1950). For the nucleus, assuming that its stiffness is mostly
provided by the nuclear lamina, we have set Elamina,0 and
Enucleoplasm,0 to 3,000 Pa (Caille et al. 2002; Dahl et al.
2008) and 25 Pa (Vaziri et al. 2006), respectively. According
to a simple spatial homogenization approach (Christensen
1991; Larson 1998), such moduli have then been recalcu-
lated according to the surface occupied by each component
in the cell to obtain Ecortex, Ecytosol, Elamina and Enucleoplasm

(Table 1). Since we consider here that the cell cortex and
the nuclear lamina are rather elastic, while the cytosol and
the nucleoplasm are rather viscoelastic, the Poisson’s ratios
νcortex and νlamina have been set to 0.3, while νcytosol and
νnucleoplasm to 0.4. The viscosities μcytosol and μnucleoplasm are
equal to 3 × 105 Pa-s (Bausch et al. 1999; Drury and Dembo
2001). The cell density ρ has been set to 1,000 kg/m3 (Fukui
et al. 2000), and the viscous friction coefficient μadh is equal
108Pa-s/m. Finally, the intensity of the active strain ea0 and

the migration period T have been chosen equal to 0.2 and
600 s, respectively, in order to obtain an average migration
velocity of the order of magnitude of the one experimentally
observed for HeLa cells (Ronot et al. 2000; Ngalim et al.
2013).

All the parameters of the model have been reported in
Table 1.

3.1 Cell behaviour and morphology

As described in Sect. 2.4, the channel is represented by two
pseudo-elliptical walls (luw,i and llw,i ), whose semi-axes a
and b are 30 and 2μm long, respectively.

For the simulations, only two-thirds of the total length of
the channel are considered, which corresponds to 40μm.

By letting the position of the upper and lower walls cen-
tres cuw,i and clw,i vary, we have tested four channels with
different width as follows:

– channel 16 has a width Wc,1 of 16μm, which is larger
than the cell diameter with cuw,16 (42.5, 10 μm) and
clw,16 (42.5 μm,−10 μm);

– channel 12 has an intermediate width Wc,2 of 12 μm,
which is smaller than the cell diameter and bigger
than the nucleus diameter, with cuw,12 (42.5, 8 μm) and
clw,12 (42.5,−8 μm);

– channel 7 has a width Wc,3 of 7μm, which is slightly
smaller than the nucleus diameter with cuw,7 (42.5,

5.5 μm) and clw,7 (42.5,−5.5 μm);
– channel 4 has a width Wc,4 of 4μm, which is much

smaller than the nucleus diameter with cuw,4 (42.5, 4 μm)
and clw,4 (42,−4 μm).

For the first set of simulations, the viscous friction coefficient
μchannel and the constant α have been set equal to 1010 Pa-s/m
and 0.1, respectively.

We have studied the cell behaviour for each of the previous
configurations by analysing specific aspects of the confined
movement, and the main results are listed in Table 2.

First, we have evaluated the efficiency of the migration in
terms of covered distance. In Fig. 3, the total displacement of
the frontal edge of the cell is reported for the four simulations.
Then, as previously proposed by (Rolli et al. 2010; Scianna
et al. 2013), we can classify the cell as permeative, invasive
or penetrating. The permeative behaviour is observable for
channel 16 and channel 12 (Fig. 2a, b) where the cell reaches
the other side of the channel by covering a distance of 38 μm
in 9,000 s (blue and red lines in Fig. 3, and Movie 1 and
Movie 2, respectively). The invasive behaviour occurs when
the cell enters into the channel, but it is not able to achieve
the other side (Fig. 2c). This is the case of channel 7 where
the cell only migrates over 25 μm in 6,000 s (green line in
Fig. 3 and Movie 3). Finally, the cell is penetrating (Fig. 2d)
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Table 1 Main geometrical and
material parameters of the
model

Parameter Description Value (unit) References

rcell Cell radius 7.5μm

rcortex Cortex radius 7.5μm

rcytosol Cytosol radius 7.25μm

rlamina Lamina radius 4.5μm

rnucleoplasm Nucleoplasm radius 4.4μm

tcortex Cortex thickness 0.25μm
Pesen and Hoh (2005),

Tinevez et al. (2009),
Jiang and Sun (2013)

tlamina Lamina thickness 0.1μm Righolt et al. (2010)

l f Distance cell centre—
boundary of frontal
adhesion region

4μm

lr Distance cell centre—
boundary of rear
adhesion region

4μm

�cell Initial cell area 176.6μm2

�cortex Initial cortex area 11.6μm2

�cytosol Initial cytosol area 101.4μm2

�cytoplasm Initial cytoplasm area 113μm2

�lamina Initial lamina area 2.8μm2

�nucleoplasm Initial nucleoplasm area 60.8μm2

�nucleus Initial nucleus area 63.6μm2

� f Initial frontal adhesion region area 31μm2

�r Initial rear adhesion region area 31μm2

Ecortex,0 Nominal cortex Young modulus 100 Pa

Ecytosol,0 Nominal cytosol Young modulus 10 Pa Crick and Hughes (1950)

Elamina,0 Nominal lamina Young modulus 3,000 Pa
Caille et al. (2002),

Dahl et al. (2008)
Enucleoplasm,0 Nominal nucleoplasm Young modulus 25 Pa Vaziri et al. (2006)

Ecortex Equivalent cortex Young modulus 15 Pa

Ecytosol Equivalent cytosol Young modulus 8 Pa

Elamina Equivalent lamina Young modulus 196 Pa

Enucleoplasm Equivalent nucleoplasm Young modulus 23 Pa

νcortex Cortex Poisson ratio 0.3

νcytosol Cytosol Poisson ratio 0.4

νlamina Lamina Poisson ratio 0.3

νnucleoplasm Nucleoplasm Poisson ratio 0.4

μcytosol Cytosol viscosity 3 × 105 Pa-s
Bausch et al. (1999),

Drury and Dembo
(2001)

μnucleoplasm Nucleoplasm viscosity 3 × 105 Pa-s
Bausch et al. (1999),

Drury and Dembo
(2001)

ρ Cell density 1,000 kg/m3 Fukui et al. (2000)

ea0 Amplitude of the active strain 0.8

T Migration period 600 s

μadh Cell friction coefficient 108 Pa-s/m

a Semi-axis of the pseudo-elliptical walls 30μm
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Table 1 continued
Parameter Description Value (unit) References

b Semi-axis of the
pseudo-elliptical walls

2μm

x0 x-coordinate of the
pseudo-elliptical walls
centre

42.5μm

yuw0,i y-coordinate of the
upper pseudo-elliptical
wall centre

yuw0,1: 10 yuw0,2: 8 yuw0,3: 6 yuw0,4: 4μm

ylw0,i y-coordinate of the
lower pseudo-elliptical
wall centre

ylw0,1: −10 ylw0,2: −8 ylw0,3: −6 ylw0,4: −4μm

μchannel Channel viscous friction
coefficient

1010 Pa-s/m

α 0.1

Wc,16 Width of channel 1 16μm

Wc,12 Width of channel 3 12μm

Wc,7 Width of channel 3 8μm

Wc,4 Width of channel 4 4μm

Table 2 Main numerical results
for the different channels

Channel 16 Channel 12 Channel 7 Channel 4

Displacement (μm) 38 38 25 7.5

Protrusion average velocity (μm/s) 0.0055 0.0051 0.0055 0.0053

Contraction average velocity (μm/s) 0.0102 0.0122 0.0118 0.0115

tcontact (s) – 1,950 1,250 1,220

tpenetration (s) 3,900 4,600 4,610 –

Tentry (s) – 2,650 3,360 –

Maximal ratio cell area/nucleus area 3.29 2.89 2.25 3.29

Minimal ratio cell area/nucleus area 2.11 1.93 1.35 2.11

tregime1 (s) – 1,800 1,250 1,230

tregime2 (s) – 2,450 1,350 1,250

tregime3 (s) – 2,600 1,850 –

when only part of the body (or nothing) penetrates within the
channel as it takes place for channel 4 (purple line in Fig. 3
and Movie 4) where the total displacement is only equal to
7.5 μm.

In Fig. 4, the trend of the cell average velocity is repre-
sented. As a general remark, the velocity during the con-
traction phase is slightly higher than during the contrac-
tion phase, since the former only involves the frontal por-
tion of the cytoplasm (see Sect. 2.3). While the average
protrusion velocity remains rather constant for all the chan-
nels (roughly 5 · 10−3 μm/s), the average contraction veloc-
ity varies between a minimal value of about 10−2μm/s
for channel 16 (blue line Fig. 4) and a maximal value of
1.2 · 10−2 μm/s for channel 12 (red line Fig. 4). Addition-
ally, for channel 7 (green line Fig. 4), we observe a peak
of the velocity up to 1.3 · 10−2 μm/s at the entrance of the
channel, while afterwards the cell acquires again a constant

velocity. Such values are of the same order of magnitude of
those experimentally observed for HeLa cells (Ronot et al.
2000; Ngalim et al. 2013).

Second, for each configuration, we have quantified the
entry time (Tentry), which has been defined by Lautenschläger
et al. (Lautenschlager et al. 2009) as the time interval between
the first contact of the cell with the channel walls (tcontact)
and the complete penetration of the cell body within the
channel (tpenetration). For channel 16 and channel 4, such a
parameter cannot be evaluated since the cell either does not
enter in contact with the channel (channel 16) or does not
migrate through it (channel 4). For channel 12 and channel
7, we found 2,650 and 3,360 s respectively, which confirms
that the smaller the channel, the more the difficult is for the
cell to get in. In fact, the contact cell channel occurs earlier
for channel 7 than for channel 12 (tcontact = 1,250 s ver-
sus tcontact = 1,950 s), while tpenetration is almost the same
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(a) Channel 16 
t = 9000 s 

(b) Channel 12 
t = 9000s 

(c) Channel 7 
t = 6000 s 

(d) Channel 4 
t = 1800 s 

Fig. 2 Snaphots of the permeative (a and b), invasive (c) and penetrating (d) cell

Fig. 3 Total displacement of the cell for channel 16 (blue line), channel
12 (red line), channel 7 (green line) and channel 4 (purple line)

for both channels (tpenetration = 4,610 s versus tpenetration =
4,600 s).

Third, we have evaluated the ratio between the total cell
area and the nucleus area. At the initial configuration, such
ratio is equal to 2.8, but it undergoes an oscillatory variation
due to the protrusion–contraction movement of the cell. In
the case of channel 16 (Fig. 5, blue line), it varies between a
maximal value of 3.3 during protrusion and a minimal value
of 2.1 during contraction. Here, such values are the same at
the end of each phase during the whole simulation since the
cell overall deformation is not perturbed by the contact with
channel. For channel 12 instead, we observe a decrease of the
maximal value of the ratio to 2.9 once the cell has completely

Fig. 4 Migration average velocity of the cell for channel 16 (blue line),
channel 12 (red line), channel 7 (green line) and channel 4 (purple line)

entered the channel (tpenetration = 4,600 s, Fig. 5, red line),
while the minimal value decreases to 1.9. Such drop is mainly
due to a bigger shrinkage of the cell cytoplasm rather than of
the nucleus due to the subcellular dimensions of the channel.
However, in the case of channel 7 (Fig. 5, green line), both
cytoplasm and nucleus contribute to the progressive decrease
of the ratio. In fact, the nucleus must squeeze too to move
forward since the channel has sub-nuclear dimensions. Then,
the maximal and minimal values of the ratio at tpenetration =
4,610 s decrease down to 2.25 and 1.35, respectively. For
channel 4 (Fig. 5, purple line), the ratio evolution is the same
as for channel 16 since the cell is not able to penetrate the
channel and neither cytoplasm nor nucleus do not undergo
large deformation.
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Fig. 5 Ratio between the cell area and the nucleus area for channel 16
(blue line), channel 12 (red line), channel 7 (green line) and channel 4
(purple line)

Finally, we have analysed the morphology of the cell rel-
ative to the channel, which can actually be divided into three
regimes. The first regime is observed when the length L p

of the cell protrusion into the channel is smaller than half
the width of the channel Wc,i (2L p/Wc,i < 1), and it has
been indicated as tregime1. The second regime occurs when
2L p/Wc,i = 1, and the protrusion is hemicircular with radius
equal to Wc,I (tregime2). Finally, the third regime is obtained
when 2L p/Wc,i > 1 (tregime3). At this point, the first half of
the protrusion is rectangular of length Wc,i and the second
half is hemicircular of radius Lc.

In the case of channel 16, the migration mode and the
morphology of the cell do not change and are very similar to
those observed for cell migrating over flat surfaces (Allena
and Aubry 2012; Allena 2013). In fact, there is no contact

between the cell cortex and the channel walls, and thus, the
cell body is not perturbed during its movement. This is not
the case for channel 12 and channel 7 where the cell needs to
squeeze in order to enter the channel. For channel 12 , regime
1 is observed at tregime1 = 1,800 s, while L p becomes equal
to Wc,2/2 at tregime2 = 2,450 s. Starting from tregime3 =
2,600 s, regime 3 is achieved and the protrusion is clearly
half rectangular and half hemicircular. For channel 7 (Fig. 6),
steps occur earlier. In fact, regime 1 and regime 2 are reached
at tregime1 = 1,250 s and tregime2 = 1,350 s, respectively,
while regime 3 starts at tregime3 = 1,850 s. For channel 4
instead, only regime 1 and 2 observed at tregime1 = 1,230 s
and tregime2 = 1,250 s, respectively. The reason why regime
3 is not achieved is mainly due to the fact that, despite the
cell tries to enter the channel by protruding and contracting,
the force f channel exerted by the channel walls on the cell
boundaries is too high. This means that reaching regime 3
is a necessary, but not sufficient condition for the cell to
be invasive. In fact, a second necessary condition need to
be satisfied, that is, the cell-channel surface force f channel at
tregime3 must be low enough for the cell to enter.

We have also been able to experimentally observe such
changes in morphology for two types of cells using a micro-
channel-based essay as proposed in (Heuzé et al. 2011).
Figure 7a–d shows the successive steps (top view) of bone
marrow-derived dendritic cells (BDMCs) migration through
a 5μm (Fig. 7a–b) and 1.5μm (Fig. 7c, d) wide micro-
channel. It is possible to clearly distinguish the three regimes
undergone by the whole cell body (Fig. 7b, d) and by the
stained nucleus (Fig. 7a, c). Figure 7e shows instead a sagit-
tal view of the successive steps of a HeLa cell migrating
through a 20μm wide micro-channel. We observe the defor-
mation undergone by the stained nucleus along the z axis. In
fact, in this specific case, the cell is confined in the x–y plane,

Fig. 6 The three regimes of the
cell morphology during the
migration through channel 7

(a) t = 1250 s (b) t = 1350 s 

(c) t = 1850 s 

Lp Lp 

Lp 

Wc,7/2 Wc,7/2 

Wc,7/2 
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(a) (b) 

(c) (d) 

(e) 

Fig. 7 (a:d) Top view of successive steps of a bone marrow-derived
dendritic cell (BMDC) migration (from the left to the right) through a
5μm a–b and 1.5μm c–d wide micro-channels. Nuclear staining with
Hoechst (a and c) (scale bar: 30μm) e Sagittal view of successive steps

of a HeLa cell entering (from the left to the right) a 20μm wide micro-
channel (HeLa Histone2B-mcherry (nucleus), MyrPalm-GFP (plasma
membrane), scale bar: 15μm)

Table 3 Values of the mechanical forces for the different channels

Channel 16 Channel 12 Channel 7 Channel 4

Maximal frontal cell-substrate surface
force (Pa)

10 10 10 10

Maximal rear cell-substrate surface force
(Pa)

4 4 4 4

Maximal cell-channel surface force at
tcontact (Pa)

– 3.3 3.1 7.2

Maximal cell-channel surface force at
tpenetration (Pa)

– 3.3 3.9 –

Average cell-substrate surface force
between tcontact and tpenetration (Pa)

– 3.3 3.3 3.3

Average cell-channel surface force
between tcontact and tpenetration (Pa)

– 2.5 3.2 tcontact – tregime2 4.5

Absolute maximal cell-channel surface
force (Pa)

– 4.2 6.2 8.6

but also in the x–z plane. Although such an aspect has not
been numerically considered so far, we are currently working
to improve the model in order to have a three-dimensional
representation of the cell and the micro-channel and therefore
being able to implement this further confinement

3.2 Mechanical forces

In this section, we try to evaluate the cell-substrate and cell-
channel surface forces, in particular during the time interval

between tcontact and tpenetration in which tregime3 is included.
The main values are summarized in Table 3.

Some general remarks may be pointed out:

– given the asymmetry of the active strain (Sect. 2.3) and
the equation expressing the cell-substrate surface forces
(Eq. 3), we found 10 and 4 Pa, respectively, at the front
and rear edge of the cell. Additionally, such values do not
change from one configuration;

– the cell-channel surface force increases as the channel
width Wc,i decreases (maximal absolute value of 4.25,
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6.25 and 8.5 Pa for channel 12, channel 7 and channel
4 , respectively);

– as mentioned in Sect. 3.1, the necessary condition for
the cell to be invasive is that the average cell-channel
surface force at tregime3 must be lower than the average
cell-substrate surface force at the same time point. This
allows the cell to pull enough to penetrate within the
channel without being obstructed by the channel. Since
tregime3 is included in the time interval between tcontact and
tpenetration, we have calculated the average cell-channel
surface force during this period. For channel 12 and chan-
nel 7, we have found an average value for the cell-channel
surface force of about 2.5 Pa and 3.2, respectively, which
is lower than the average cell-substrate surface force of
3.3 Pa. As a result, the cell is able to enter the channel. For
channel 4, since the cell-channel surface force between
tcontact and tpenetration cannot be calculated, we have eval-
uated it between tcontact and tregime2 finding an average
value of 4.5 Pa and a maximal value of 8.6 Pa, which
is twice the cell-substrate surface force. Therefore, the
cell is stuck at the entrance of the channel and shows a
penetrating behaviour;

– once the cell has completely penetrated into the channel,
the upper and lower central boundaries of the cell come
very close or directly in contact with the nucleus, which is
the stiffest component of the system. Then, a higher cell-
channel surface force is necessary at this specific region
to maintain the cell squeezing during the whole migration
process and in order for the cell to be permeative. This is
the case for channel 12 for which the cell is able to reach
the opposite end of the channel (Movie 5). However, for
channel 7, the cell-channel surface force is slightly higher
at the rear of the cell. Thus, the cell is slowed down and
shows a penetrating behaviour (Movie 6).

For channel 16, only the cell-substrate surface force can be
evaluated while the cell-channel surface force is null since
no contact between the cell boundaries and the channel walls
occurs.

4 Conclusions

In this paper, we have proposed a 2D mechanical model to
simulate the migration of HeLa cell under confinement. The
model reproduces the set-up used in a micro-channel assay
as presented in (Heuzé et al. 2011). As in our previous works
(Allena and Aubry 2012; Allena 2013), the cell is modelled as
continuum and a standard Maxwell model is used to describe
the mechanical behaviour of the cytoplasm (including active
strains) and the nucleus. The cell is able to cyclically develop
protrusion–contraction strains, which are synchronized with

the adhesion forces between the cell and the substrate. By
approaching the channel, which is represented here by two
pseudo-elliptical rigid walls, the cell is submitted to an addi-
tional viscous force. We have tested four channels whose
dimensions in terms of width are larger than the cell diameter
(channel 16), sub-cellular (channel 12), sub-nuclear (chan-
nel 7) and much smaller than the nucleus diameter (channel
4). We have analysed the cell behaviour and classified it as
permeative (channel 16 and channel 12), invasive (channel 7)
or penetrating (channel 4) according to the distance covered
by the cell inside the channel. From a morphological point
of view, we have identified three different regimes in relation
to the ratio between the cell protrusion length in the channel
and the width of the channel. Additionally, we have evaluated
the evolution of the cell shape and the cell-substrate and cell-
channel surface forces between the first contact between the
cell and the channel (tcontact) and the complete penetration
of the cell body within the channel (tpenetration).

Therefore, we have been able to define the necessary con-
ditions in order for the cell to be invasive or permeative. In the
first case, two main conditions must be satisfied: i) regime 3
(i.e. cell protrusion length in the channel larger than half the
channel width) has to be achieved, and ii) simultaneously,
the cell-substrate surface force must be higher than the cell-
channel surface force so that the cell is able to pull on the
substrate and enter into the channel. For the second behav-
iour to occur, a further condition must be satisfied, that is, the
cell-channel surface force during the whole migration has to
be maximal along the upper and lower central boundaries of
the cell. Those boundaries may come very close or directly in
contact with the cell nucleus, which is the stiffest component
of the system. Then, a larger force is required to maintain the
squeezed cell shape.

Despite the consistent results shown in the present paper,
our model still presents some limitations. Firstly, the geom-
etry is 2D, which does not allow considering a top-roofed
micro-channel and the cell deformation in the third direc-
tion. Secondly, the active strains of protrusion and con-
traction have been defined through a sinusoidal function,
which may lead to a rather stable periodic deformation of
the cytoplasm and consequently of the nucleus. In order
to control the effects of such a phenomenon, some sto-
chastic active input close to cell perception may be intro-
duced and improve the global movement. Finally, so far
all the cell components have been considered as viscoelas-
tic materials. However, the nucleus may be able to adapt
its deformation to the forces exerted by the micro-channel
on the cell boundaries. Therefore, a viscoplastic behaviour
with restoration (Mandel 1972; Lubliner 2008) would prob-
ably be more appropriate. We are currently working on this
aspect in order to be able to investigate the ability of the
cell to penetrate micro-channels with significant sub-nuclear
dimensions.
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5 Appendix

5.1 Geometry of the cell

For any spatial point p, the four components of the cell body
(the cortex �cortex, the cytosol �cytosol, the lamina �lamina

and the nucleoplasm �nucleoplasm) are described through
characteristic functions (i.e. composition of a Heaviside and
a level set function (Allena 2013) as follows

hcortex (p) =
{

1 ifr2
cytoplasm < ‖p − ccell‖ < r2

cortex

0 otherwise
(5)

hcytosol (p) =
{

1 ifr2
lamina < ‖p − ccell‖ < r2

cytosol

0 otherwise
(6)

hlamina (p) =
{

1 ifr2
nucleoplasm < ‖p − ccell‖ < r2

lamina

0 otherwise

(7)

hnucleoplasm (p) =
{

1 if ‖p − ccell‖ < r2
nucleoplasm

0 otherwise
(8)

where p = x − u, with x and u being, respectively, the
actual position and the displacement, ccell is the cell cen-
tre and rcortex, rcytosol, rlamina and rnucleoplasm are the external
radius of the cell cortex, the cytosol, the nuclear lamina and
nucleoplasm, respectively (Fig. 1a). Therefore, the cytoplasm
�cytoplasm and the nucleus �nucleus domains are defined by
the following characteristic functions

hcytoplasm (p) = hcortex (p) + hcytosol(p)

hnucleus(p) = hlamina (p) + hnucleoplasm(p) (9)

The frontal portion of cytosol where the polymerization
of the actin filaments takes place is described as follows

hcytosol,front (p) =
{

hcytosol i f p > ccell

0 otherwise
(10)

The frontal (� f ) and rear (�r ) adhesion regions are also
defined by two characteristic functions as

h f (p) =
{

1 (p − ccell, ix ) > l f

0 otherwise

hr (p) =
{

1 (p − ccell, ix ) < −lr
0 otherwise

(11)

with l f and lr the distances of ccell from the boundaries of � f

and �r , respectively, (Fig. 1b). As soon as the cell moves,
the argument p is replaced by x-u, with x the actual spatial
position and u the displacement.

5.2 Nucleus constitutive law

As mentioned in Sect. 2.2, the nucleus is described through
a viscoelastic constitutive equation based on a standard

Maxwell model including a solid phase (i.e. the lamina) and
a fluid phase (i.e. the nucleoplasm) (Fig. 8).

The Cauchy stress σ nucleus and the deformation tensor
Fnucleus in the nucleus are defined by

σ nucleus = σ lamina + σ nucleoplasm

Fnucleus = Dpu + I = Flamina = Fnucleoplasm (12)

where Dpu = ∑3
m=1

∂u
∂pm

⊗im , with u the displacement and
I the identity matrix (Holzapfel 2000; Taber 2004), and
Fnucleoplasm = Fnucleoplasm,eFnucleoplasm,v . The solid part of
the stress σ lamina in the lamina reads

σ lamina = 1

Jlamina
FlaminaSlaminaFT

lamina (13)

where Jlamina is the determinant of Flamina and Slamina is the
second Piola–Kirchoff stress tensor, which is computed as
an isotropic hyperelastic Saint Venant material as follows

Slamina = λlaminaT r (Elamina) I + 2μlaminaElamina (14)

with λlamina, μlamina and Elamina the Lame’s coefficients and
the Green-Lagrange strain tensor of the solid phase, respec-
tively.

The fluid part of the stress σ nucleoplasm in the nucleoplasm
can be expressed as

σ nucleoplasm = 2μnucleoplasmDnucleoplasm,v (15)

with μnucleoplasm, the viscosity of the nucleoplasm and the
eulerian strain rate Dnucleoplasm,v is computed from the strain
gradient velocity as

2Dnucleoplasm,v = Ḟnucleoplasm,vF−1
nucleoplasm,v

+ F−T
nucleoplasm,vḞ

T
nucleoplasm,v (16)

5.3 Cytoplasm constitutive law

The cytoplasm is composed by two phases: i) a solid phase
represented by the cell cortex and ii) a fluid phase represented
by the viscous cytosol with the embedded organelles such as
the actin filaments that undergo the active strains (Fig. 8). It
is assumed that the Cauchy stress σ cytoplasm and the defor-
mation tensor Fcytoplasm read

σ cytoplasm = σ cortex + σ cytosol

Fcytoplasm = Fcortex = Fcytosol (17)

Additionally, the fluid deformation tensor Fcytosol is mul-
tiplicatively decomposed as follows

Fcytosol = Fcytosol,vFcytosol,eFcytosol,a (18)

where e and v stand for elastic and viscous, respectively.
The solid stress σ cortex in the organelles can be written as

σ cortex = 1

Jcortex
FcortexScortexFT

cortex (19)
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Fig. 8 Symbolic schemas for
the standard Maxwell models
used to describe the nucleus
(top) and the cytoplasm
(bottom) behaviours

with Jcortex the determinant of Fcortex and Scortex the sec-
ond Piola–Kirchoff stress tensor, which, similarly to the
nucleus (Sect. 5.2), is defined as an isotropic hyperplastic
Saint Venant material as follows

Scortex = λcortexT r (Ecortex) I + 2μcortexEcortex (20)

where λcortex,μcortex and Ecortex the Lame’s coefficients
and the Green-Lagrange strain tensor of the solid phase,
respectively.

Finally, the fluid stress σ cytosol in the cytosol reads

σ cytosol = 2μcytosolDcytosol,v (21)

with μcytosol the viscosity of the cytosol and Dcytosol,v the
eulerian strain rate expressed as follows

2Dcytosol,v = Ḟcytosol,vF−1
cytosol,v + F−T

cytosol,vḞ
T
cytosol,v (22)

5.4 Micro-channel geometry

As mentioned in Sect. 2.4, the micro-channel domain�channel

is modelled as two pseudo-elliptical rigid walls: a upper one
(�uw) and a lower one (�lw). They are described through
two characteristic functions as follows

huw,i (p) =
{

1 ifluw,i < 1
0 otherwise

hlw,i (p) =
{

1 ifllw,i < 1
0 otherwise

(23)

where the subscript ‘i’ indicates the number of the channel,
and luw,i and llw are two level set functions expressed as

luw,i =
(

x − x0

a

)4

+
(

y − yuw0,i

b

)4

llw,i =
(

x − x0

a

)4

+
(

y + ylw0,i

b

)4

(24)

with a and b are the semi-axes of the pseudo-elliptical walls
with centres cuw,i

(
x0, yuw0,i

)
and clw,i

(
x0, ylw0,i

)
. Thus,

the micro-channel is the composition of the two previous
characteristic functions as follows

�channel = huw,i (p) + hlw,i (p) (25)

The c outward normals nuw and nlw to the boundary ∂�uw

and ∂�lw, respectively, given by

nuw,i = h′ (luw,i
) ∇luw,i∥∥∇luw,i

∥∥

nlw,i = h′ (llw,i
) ∇llw,i∥∥∇llw,i

∥∥ (26)

where h′ indicates the Dirac function.
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Abstract:
Cell migration has two opposite faces; necessary for many physiological processes such as immune
response, it can also lead to the organism death by allowing metastatic cells to invade new organs. In

vivo migration often occurs in complex 3D environments which impose high cellular deformability.
Recently, the limit of cellular deformability during 3D migration has been shown to be limited by the
nucleus [Wolf 2013]. For instance, cell migration can be increased by decreasing nuclear stiffness.
However, below a given nuclear stiffness 3D cell migration can be reduced as a result of impaired cell
survival [Harada 2014]. Cancer cells which display slow migration and have rather stiff nuclei have
been shown to overcome the physical limits of 3D migration through adhesion combined to matrix
degradation or high actomyosin contraction [Wolf 2013]. Immune cells such as neutrophils which are
fast moving cells with soft nuclei have been reported to die at sites of infection. Interestingly, dendritic
cells function as antigen presenting cells requires high migratory ability as well as high survival. They
thus constitute an interesting model for studying nuclear deformation in fast moving and long lived
cells. During my PhD, I studied the mechanism by which dendritic cells deform their nuclei to achieve
proper migration in highly confining space while preserving a high survival rate. I used an original
micro fabricated experimental set up [Heuzé 2011] consisting of microchannels with constrictions
to mimic cellular transmigration. Those channels combined with genetic manipulation and live cell
imaging followed by image processing were used to assess the mechanism dendritic cells use to
deform their nucleus, which we found to be specific and not required for cell motility per se. I showed
that dendritic cells overcome the physical limitation imposed by nuclear deformation through small
gaps by nucleating an Arp2/3 based actin network around the nucleus. Surprisingly, the formation
of this actin network is independent of myosin II based contraction. This actin accumulation around
the nucleus co-localized with sites of nuclear Lamin A/C breakage. Moreover, Lamin A/C depletion
in dendritic cells leads to the disappearance of this actin ring and the release of the need for Arp2/3
for nuclear deformation. We thus propose a new mechanism of nuclear squeezing through narrow
gaps based on an Arp2/3 nucleated actin meshwork which, by transiently breaking the Lamin A/C
network, releases the nuclear surface tension and allows nuclear thus cell passage through micrometric
constrictions. Lamin A/C repolymerization around the nucleus at the exit of constrictions would then
restore nuclear stiffness, allowing cell survival. Interestingly, this actin accumulation around the
nucleus was also observed in vivo in migrating macrophages but not in HL-60 derived neutrophils.
Taken together, our data suggest that the Arp2/3 based nuclear squeezing mechanism would be a
general feature of highly migratory cells which need to survive long enough to accomplish their
functions.

Keywords: cell migration, confinement, Arp2/3, nucleus, lamin A/C
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