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Introduction

Cells are the fundamental units of life. If we look at a living organism and try to un-
veil what lies behind its global function, we may consider it as a sum of its organs: a
human being for instance is made up of skin, bones, muscles, a beating heart, lungs, a
liver, a stomach, etc... Going further down, we can wonder what governs the function
or malfunction of these organs, what is the underlying structure keeping it all together.
At some point, we get down to cells: the smallest autonomous life unit. In a multicellu-
lar organism, cells are not isolated. They constantly interact with each other and with
their environment to ensure the biological processes essential to life. From the very
dawn of life, during embryogenesis, to potential lethal diseases, like tumor metastasis,
one characteristic of cells is persistent: their ability to migrate from one site to another.
Nonetheless, migration within an organism is not a trivial process. Indeed, the sur-
rounding cells and extra-cellular matrix create a dense and confined environment in
which cells cannot move freely. To migrate to the right place at the right moment, cells
must then develop strategies to overcome obstacles and perform their mission within
the organism. This capacity is a crucial property of multicellular organisms to ensure
their development and their homeostasis. Cell migration can indeed occur in response
to various situations, such as a mere need to feed, or a stimulus that could be chemical
or mechanical. These stimuli may originate from larger vital biological processes that
govern the activity of the organism : morphogenesis of embryos, which requires cells
to be able to migrate to a very specific and potentially distant location, or homeosta-
sis of adult organisms. Therefore, a pathologically impaired cell migration can have
disastrous effects on the development of the organism, resulting in birth defects, auto-
immune syndrome, ineffective wound healing or tumor metastasis. The latter is esti-
mated to be responsible for 90 % of cancer deaths [Chaffer and Weinberg, 2011], thus
emphasizing the emergency of better understanding the mechanics of confined cell
migration. Let us dive inside the cell to fathom its internal structure and mechanical
behaviour.

Making a close up on a eukariotic cell (see Fig. 1), the first thing to be seen is the
plasma membrane that surrounds the cytoplasm in which all organelles bathe. It is
composed of a double layer of phospholipids with embedded protein complexes as-

suring the communication between the environment and the interior of the cell. In
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Figure 1: Internal structure of a eukariotic cell [Alberts et al., 2014].

the cytoplasm, we can find mitochondria (the power units of the cell), the endoplasmic
reticulum (the proteins and lipids factory), the Golgi apparatus (the macromolecules
transport center),ribosomes (the interpreters from genetic information to proteins)
and the cytoskeleton (the backbone of the cell, composed of various types of filaments,
that can adapt to the environment (its stiffness for instance [Abidine et al., 2018]). The
nucleus, the largest organelle of all, is made up of a nuclear envelope and a lamina en-
closing and protecting the nucleoplasm where the chromatin, i.e. the genetic material,
can be found (see Fig. 2).

a heterochromatin b endoplasmic reticulum  heterochromatin
DNA and associated
proteins (chromatin),
plus many RNA and
protein molecules

nuclear
envelope

nucleolus

A

%5

centrosome

S~
\\ microtubule
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Figure 2: A cross-sectional view of a typical cell nucleus. a) Electron micrograph of a thin sec-
tion through the nucleus of a human fibroblast and b) Schematic drawing of the nu-
cleus [Alberts et al., 2014]
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To efficiently shield the chromatin from extensive deformation and potential ge-
netic damage, the lamina is much stiffer than the cytoplasm. Then, the nucleus may
impede the ability of cells to migrate in a confined environment. Interestingly enough,
cells can adopt different migratory behaviours in order to overcome obstacles. De-
pending on the cell type, its environment and the force ratio between adhesion, con-
traction and actin-network polymerization, cells are able to rapidly switch from one
behaviour to the other (see Fig. 3). Migration can occur collectively as a group of cells
moving to a specific location, or individually as an immune cell translocates to the
inflammation site or a cancerous cell leaving the primary tumor for instance. Rapid
single cell crawling is usually referred to as 'amoeboid’ migration, in opposition to the
slower 'mesenchymal’ migration. The former gathers various migration modes that all
have in common the cyclic protrusion and retraction of cellular extensions, i.e. active
cell deformation during the migration process. These modes can fall into two main
categories: protrusive and contractile. Protrusive migration mostly relies upon actin-
network polymerization of pseudopods while, in contractile migration, the contraction
of the acto-myosin network drives the formation of blebs — actin-free protrusions — as
will be later developed in this manuscript. Eventually, the cell can use a combination
of these strategies to enhance the migration efficiency.

I Amaeboid morphology | Force balance | I Amoeboid marphology l Force balance l

A

" s -
i
e i

-

2D
protzrt?sive c P 3D C/ \P
protrusive
S e / \
contzrgctile oo C— -~ . f“- C/ \P
contractile

Figure 3: The force-relationship between adhesion, contraction and polymer-network expan-
sion determines the ‘amoeboid’ phenotype. The three major forces in cell migration
are adhesion (A), contraction (C) and polymer-network expansion (P). The color code
is the following: actin filaments in green, Myosin-II as red ellipses (black ellipses if
this function is impaired), adhesions points in blue, fibrillar network in gray and cell
nucleus in light blue. Thick black lines represents high adhesive surfaces while thick
gray lines stand for low adhesive surfaces [Ldmmermann and Sixt, 2009]
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In this thesis, we aim at further unveiling the mechanisms behind cell migration
in confined environment. When confined, the cell and consequently its nucleus are
strongly deformed. As there is large deformation, a few questions arise on the me-
chanics of this system: What are the stresses inside the cell ? Can we characterize the
mechanical behaviour of cells and their constituents ? Cell migration is being exten-
sively scrutinized under the frame of molecular biology, but the question that drives
the present work really is : what can mechanics tell us about the unfolding of cell mi-
gration ? This is such a vast topic that we need to choose a relevant angle of attack.
In previous work, a visco-elastic model of a cell migrating in a micro-channel was de-
veloped [Aubry et al., 2014]. Taking that model as a starting point, we choose to tackle
three questions, raised by experimental observations from biologists, that will be ad-

dressed in the first three chapters:

1. First, we investigate the mechanical behaviour of the nucleus and its interaction

with the cytoplasm during the passage through a sub-nuclear constriction.

2. Then, we focus on one particular migration mode called 'chimneying’ and the

mechanism allowing the confined cell to move efficiently without adhesions.

3. Eventually, we developed a model to explore the behavior of the nucleus during
the spreading of cells on a micro-pillared substrate and answer that question: is

the nucleus being pushed or pulled towards the bottom of the substrate ?

Given the great variability of parameters found in the literature, all three models
will feature a generic cell type rather than a specific one. If need be, the mechanical pa-
rameters can then be adapted to fit a particular phenotype. All our results have been
(or are in the process of being) published. The model of the nucleus has been pub-
lished in Journal of Theoretical Biology [Deveraux et al., 2017], the chimneying model
has been accepted for publication in Molecular Cell Biology and the spreading model

has been submitted to Physical Biology.
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CHAPTER I. MECHANICAL BEHAVIOUR OF THE CONFINED NUCLEUS

I.1 Introduction

Cancerous cells are not only subject to various genetic and molecular modifications,
but they also display altered mechanical properties. Their nucleus ,particularly, can be
made softer and more prone to breaking [Davidson and Lammerding, 2013]. During
confined migration, as occurs in cancer metastasis, cells endure substantial deforma-
tions to squeeze through tight gaps as small as 10% of the size of the nucleus [Friedl
et al., 2011; Wolf et al., 2013]. As the largest and stiffest organelle, the nucleus can
strongly impedes migration [Zwerger et al., 2011] and a softer or weaker nucleus en-
hances the migratory abilities of the cell [Bell and Lammerding, 2016; Denais et al.,
2016]. Most publications investigate cancer metastasis [Wolf and Friedl, 2006], me-
chanical properties of the nucleus [Friedl et al., 2011] and mechanical coupling be-
tween the nucleus and the cell’s cytoskeleton [Schwartz et al., 2017; Skau et al., 2016]
under the spectrum of molecular biology. Our aim here is to tackle these issues through
a purely mechanical perspective. Since nuclear mechanics is at stake here, numerical
simulation appears as a very interesting tool to investigate the mechanical interplay
between cellular components, such as the lamina and the cytoplasm, and to get new
insights on some biological assumptions. As for quantitative values of the cell me-
chanical parameters, many techniques are accessible to study specific features of the
nucleus, as will be discussed in the following paragraphs.

[.1.1 Structures of the nucleus

We first need to apprehend further the internal organization of the nucleus in order
to understand its behaviour. Its mechanical properties mainly arise from two compo-
nents: the lamina — a dense meshwork composed of A-type (lamin A/C), B-type lamins
and lamin-associated proteins [Ho and Lammerding, 2012] — and the nucleoplasm.
The components of the nucleus interact with each other and with the cytoskeleton
through protein complexes in order to transmit mechanical information throughout
the cell (see Fig. I.1). Various studies have shown that Lamin A/C is the dominant
protein in determining nuclear stiffness and structural stability and its decrease cor-
relates with an increase in nuclear fragility [Zwerger et al., 2015]. Also, Lamin A/C up-
regulation could improve resistance of the cell to high shear stress[Mitchell et al., 2015].
Lamin A/C has been thoroughly investigated since its expression levels can widely vary
from one cell to another and it is involved in many diseases that impact cell mechan-
ics, such as laminopathies [Dialynas et al., 2015; Ho et al., 2013; Mitchell et al., 2015;
Schipe et al., 2009; Zwerger et al., 2013]. Additionally, it was found to play a great role
in the ability of cells and nuclei to adjust their stiffness to that of the surrounding envi-
ronment [Guilluy et al., 2014; Schwartz et al., 2017]. On the contrary, the role of lamin B

18



[.1. INTRODUCTION

is not understood as deeply. Some studies suggest that it has a minor effect on nuclear
mechanics although disruption of these lamins may be lethal during brain develop-
ment [Jung et al., 2013]. The lamina surrounds and protects the nucleoplasm which is
mostly made up of chromatin: densely packed DNA that is organized and compacted
around various proteins, such as histones, to form chromatin fibers. It should be noted
that other bodies are present inside the nucleus, as well as a nucleoskeleton. The latter
is made of structural proteins like actin, spectrin, myosin or lamins that may be in-
volved in chromatin organization and thus in the nucleoplasm mechanical behaviour
[Dahl and Kalinowski, 2011; Naetar et al., 2017]. In the decades following the discovery
of its structure, the DNA double-helix was described as an elastic rod and, later, as a
worm-like chain [Smith et al., 1992; Marko and Siggia, 1995; Bustamante et al., 2003].
In the nucleus, the DNA strands, as well as the other nuclear bodies, are surrounded
by fluid: the nucleoplasm can thus be seen as a viscoelastic material. The lamina how-
ever, as a dense meshwork where fluid cannot circulate, can be seen as a solid elastic
material [Rowat et al., 2006]. With sheer observation of its internal organization, we
can already qualitatively propose a visco-elastic model of the nucleus.

(XA
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Actin filaments l” I

Y Nuclear pore
complex

KASH proteins
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1'?' on E—J tin i |
|

R
[
RN
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/ Nuclear

envelope //
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Figure I.1: Schematic overview of the internal organization of the nucleus and its connection
to the cytoskeleton. Inside the nucleus, chromatin interacts with lamins at lamina-
associated domains (LADs). Various proteins proteins form the LINC complex that
mechanically couples the nuclear interior with the cytoskeleton. Modified from
[McGregor et al., 2016]
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CHAPTER I. MECHANICAL BEHAVIOUR OF THE CONFINED NUCLEUS

I.1.2 Experimental techniques to probe the nucleus

A wide range range of experimental techniques are available to investigate the me-
chanical properties of the different components of the cell, and more specifically the
nucleus, at various scales [Lim et al., 2006] (see Fig. 1.2). Most of the them give access
to a global mechanical information on the whole nucleus (perfusion [Isermann et al.,
2012], micropipette aspiration - possibly coupled with relaxation experiments - [Guilak
et al., 2000], microplate compression [Caille et al., 2002], substrate strain, shear flow or
micro-pillars [Ermis et al., 2016]), while others unveil a more local information (Atomic
Force Microscopy (AFM), active or passive micro-rheology through magnetic or optical
tweezers [Monticelli et al., 2016], micro-needle manipulation [Lombardi et al., 2011],
and cyto- and microindentation [Nava et al., 2014; Guillou et al., 2016]). The choice
of the technique then determines the scale and the type of information obtained. The
techniques using cells in suspension — and not adhering on a substrate — offer the ad-
vantage of reducing the bias induced by cyto- and nucleoskeleton reorganization due
to substrate stiffness. These methods can also be applied to isolated nuclei, in order to
getrid of the mechanical coupling with the cytoskeleton, although the results may then
not reflect the reality of a nucleus inside a cell. A new non-invasive method has recently
emerged: microsprectroscopy offers sub-micrometric resolution information on the
viscoelastic properties of the cell components [Mattana et al., 2018]. This method ap-
pears very interesting to access unbiased parameters and the results should be closely

monitored.

Figure I.2: Common experimental methods to probe cell and nuclear mechanics: a) AFM, b)
shear flow, ¢) cytoindentation, d) substrate strain, €) microplate compression, f) mi-
cropipette aspiration and e) perfusion.

20



[.1. INTRODUCTION

I.1.3 Mechanical behaviour of the nucleus

The overall nucleus

The nucleus has widely been found to behave as a visco-elastic material, all through
different techniques that enlightened various specific aspects of its behaviour [Erdel
et al., 2015; de Vries et al., 2007]. The perfusion and aspiration assays give a good
assessment of purely passive mechanical properties of both the cell and the nucleus
since they are fast enough to assume no cyto- or nucleoskeleton reorganization oc-
curs. Indeed, cells pass through in less than a second [Isermann et al., 2012; Hou et al.,
2009; Luo et al., 2014]. Such assays showed that the nucleus was 2-10 times stiffer and
twice more viscous than the cytoplasm [Guilak et al., 2000; Caille et al., 2002; Lam-
merding, 2011]. The viscoelasticity of the nucleus is mostly accepted, but a hyperelas-
tic behaviour of the nucleus is sometimes assumed in order to fit the simulation with
the experimental data and to deduce the mechanical parameters of the nucleus [Caille
et al., 2002]. Using these global measurement techniques, the Young modulus of the
cell nucleus has been estimated around 0.5-8 kPa [Caille et al., 2002; Dahl et al., 2005;
Guilak et al., 2000; Liu et al., 2014], but has sometimes been found to be much higher
depending on the experimental method [Tomankova et al., 2012]. This illustrates one
of the limits of the global techniques: they raise various uncertainties due to the in-
teraction between the nucleus and the rest of the cell. Some recent advances in AFM
techniques are used to get rid of this bias by probing the nucleus more locally [Liu et al.,
2014].

The nuclear envelope (NE) and the lamina

Information on the whole nucleus is essential and easier to get, but the tight inter-
action between mechanical forces and gene regulation induces to look more closely
and precisely at local properties of the nucleus at the scale of specific proteins such as
chromatin and lamins. Studies of the nuclear envelope alone are scarce, but combined
techniques of micropipette aspiration and confocal microscopy were used to charac-
terize the nuclear envelope as purely elastic [Rowat et al., 2005]. Underlying the nuclear
envelope is the lamina, a stiff material ensuring the nuclear stability, sometimes de-
scribed as viscoelastic, although more thorough and velocity-dependent testing would
be necessary to rigorously prove it [Swift et al., 2013; Swift and Discher, 2014]. Together,
the lamina and the nuclear envelope form a very thin layer of 10-200 nm surrounding
the nucleus [Gruenbaum et al., 2003]. Given the very high stiffness of the lamina, the
impact of the NE, as well as the lamina’s viscosity, can be neglected. The lamina pro-
tects the cell and its genetic information, but can also be a rate-limiting factor during
confined migration by preventing sufficient nucleus deformation. In fact, cells have to

find a good compromise between viability and motility.
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CHAPTER I. MECHANICAL BEHAVIOUR OF THE CONFINED NUCLEUS

The nucleoplasm

The nucleoplasm behaves as a sponge-like material that initially does not present
much resistance to deformation but this resistance increases as the chromatin gets
compacted [Dahl et al., 2005]. Besides, chromatin exhibits a plastic behaviour, i.e. irre-
versible deformation, atlong time-scales and after shear stresses, which decreases with
up-regulation of Lamin-A [Pajerowski et al., 2007; Deguchi et al., 2005]. This suggests
that the nucleoplasm sets the rheological character of the nucleus while the lamina
dictates the extent of the deformation. Such plasticity is an advantage during con-
fined migration, since the nucleus stays elongated after going through a narrow space,
making it easier for the cell to migrate through successive constrictions. Most often,
the lamina is considered as the main load-bearing element in the nucleus, but recent
findings suggest that chromatin itself is actually a major structural component of the
nucleus [Stephens et al., 2017].

I.1.4 Computational mechanical models of the nucleus

The interest for cell computational models has been rising in the last two decades, as
it becomes more and more obvious that mechanics plays a crucial role during cell mi-
gration and even in gene transcription. One strategy for representing the cell and the
nucleus is discrete modeling, just considering the cell membrane or the nuclear en-
velope [Ujihara et al., 2011; Banigan et al., 2017]. Another is an energetic approach
[Giverso et al., 2014], and finally, the cell or nucleus can be modeled through contin-
uum mechanics [Aubry et al., 2014]. Most continuum models describe the whole cell,
with or without its nucleus as a separate compartment, but fewer model focus on the
isolated nucleus, as reviewed in [Vaziri et al., 2007] and [Nava et al., 2014]. The nu-
cleus, if proven to be visco-elastic, is sometimes modeled as a hyperelastic material in
order to simplify the simulation and to investigate specific mechanical issues [Caille
et al., 2002; Vaziri et al., 2006; Giverso et al., 2014]. A visco-elastic model was later de-
veloped to simulate a micro-pipette aspiration assay [Vaziri and Mofrad, 2007], with
the lamina and nuclear envelope taken into account. A more advanced model was
proposed with the nucleus described as a poroelastic material with a plastic behaviour
[Cao et al., 2016]. Interestingly, this model faithfully reproduced the irreversible de-
formation found in Lamin A/C deficient cells after transmigration. Although we ac-
knowledge the validity and the interest of all these models, we observe that each one
of them is designed to fit a specific experiment and can wonder whether one single
model could describe several different assays. This is specifically what we aim to tackle
in this chapter: a unified model of the whole cell that can be confronted with various

experimental techniques.
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I.1.5 Motivation for our model

Given the major role of nuclear mechanics during confined cell migration, we present
here a two dimensional (2D) Finite Element (FE) implementation of a cell nucleus
model, representing the nuclear lamina as elastic and the nucleoplasm as visco-elasto-
plastic. Even though a three dimensional (3D) model would be more accurate, we
chose a 2D representation to facilitate the computation, since it was shown that for
a cell entering a micro-channel, the model is insensitive to depth [Leong et al., 2011].
Our approach is to propose a model which can be employed for both the isolated nu-
cleus and the whole cell. While the whole nucleus is generally described as merely vis-
coelastic, we design a new model to be able to account for a more complex behaviours
including plasticity. Besides, we aim at developing a model that is able to be tested in
various experiment-like setups, but we focus here on modeling a purely passive cell to
fully understand the mechanics at stake without migration or cyto- and nucleoskele-
ton reorganization. In this regard, we first build a model of an isolated nucleus that is
tested under compression, mimicking the experimental setup from Caille et al. [2002]
(see Fig. 1.3 a). This model being thoroughly investigated, we implement it in a whole
cell model, including also the cytoplasm, described as in previous work [Aubry et al.,
2014]. This complete model is then tested to reproduce a perfusion experiment [Iser-
mann et al., 2012] (see Fig. 1.3 b). The results presented in the following sections have
been published in [Deveraux et al., 2017].

Figure I.3: Experimental setups to be reproduced by simulation: a) Microplate compression of
an isolated nucleus (modified from [Caille et al., 2002] and b) Perfusion assay on
MEF cells
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CHAPTER I. MECHANICAL BEHAVIOUR OF THE CONFINED NUCLEUS

I.2 Numerical simulation of the nucleus on a compres-

sion test

I.2.1 Nucleus geometry

The nucleus (§2,,,c10us) has an initial circular geometry of radius r,;c7eus =4 um and is
composed of the 50 nm thick lamina (2;4minqe) and the nucleoplasm (£2,yc1e0piasm)
(See Fig. 1.4). Both the lamina and the nucleoplasm have been described through
characteristic functions g; and g,;, which are a composition of a regularized Heaviside
function and a level set function (see Appendices A and B). The characteristic function

representing the whole nucleus is given by g, (X) = g, (X) + (%), where x indicates the
current position of any particle of the system.
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Figure I.4: Geometry of the nucleus (Dark red: nucleoplasm and Light blue: lamina) and com-

pression plates (red arrows represent the outward normal to the plates npjace) and
FE mesh

[.2.2 Constitutive model and mechanics of the nucleus

In most models, the nucleus is simply described as a viscoelastic material. In order
to tackle its potential irreversible deformation, we chose to implement a visco-elasto-
plastic material composed of the lamina, purely elastic, and the nucleoplasm, visco-
elasto-plastic, as represented in the schema in Fig [.5. Both nuclear components are
assembled in parallel since we consider the stress from both components to add up. In-
deed, the lamina being very thin, the associated mesh would need to be too small. The
mechanical influence of the lamina is thus not taken into account unless we homoge-
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nize the whole nucleus with volume ratios through the Voigt homogenization [Chris-
tensen, 1979] (See Equation 4). An Arbitrary Lagrangian Eulerian (ALE) formulation
is used in all the simulations, which allows to consider only small strains in the mov-
ing frame and Cauchy stresses [Donea et al., 2004; Belytschko et al., 2000]. The total
Cauchy stress o ,;, where the subscript n stands for nucleus, and the small deformation
tensor €, are defined as

Op= (a'np +0))
1 . (L)
€= (E(Dxu +Dxu’)) =€,y =€

where the subscripts np and [ indicate the nucleoplasm and the lamina respec-
tively, u is the displacement, Dyu is the usual displacement gradient.

O, €

Wy

Nucleus ; Tnpw Enpinp
Onpe €Enpe

Figure 1.5: Rheological model of the homogenized nucleus.

The nucleoplasm itself is decomposed into a visco-plastic part and a purely elastic
part as follows

Onp=0npe=0np,vp
(L.2)

€np=€npyptE€npe
where the subscripts vp and e stand for visco-plastic and elastic, respectively.

The constitutive equations of each part reads more specifically:

o= AlTr(en)I+2Hl€n

Onp=AnpTr(€n—€npvp)l+2Unp(€n—€Enpyp) (L3)

D
p _ henpvm=9lopvm—sl Oy
np,vp —

prp NMnp ||05p||

€

where A, y;, Anp and py, are the Lamé coefficients of the lamina and the nucle-

. Eyvy E
oplasm, respectively and defined as A = m and uy = Z(Tkvn)’ k={l,np}. E,
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CHAPTER I. MECHANICAL BEHAVIOUR OF THE CONFINED NUCLEUS

Epp and v, are the Young moduli of the lamina and the nucleoplasm respectively and
the Poisson ratio of the nucleus. Tr defines the trace operator, I is the identity matrix
and AP indicates the deviatoric part of the tensor A defined as A” = A - %Tr(A)I. We
hypothesize that €, ,, only has a deviatoric part. We note & the regularized Heaviside
function, s the plasticity threshold, o ,),vy the Von Mises stress of the nucleoplasm
and 1), the viscosity of the nucleoplasm defined as 1, = T,y Epnp, with 7, its charac-
teristic time [Vaziri et al., 2006].

Due to the very small thickness of the lamina (50 nm), the Young moduli were
weighted with regard to the surface occupied by the lamina and the nucleoplasm as:

Anp,O
Enp = Enp 0 A
0 (L.4)
Ao
Ej=Ep
An 0

with Appo, Ano, and A; o being the initial areas of the nucleoplasm, the nucleus
and the lamina, respectively.

The nominal values of the mechanical parameters E; o, Epp 0, Tnp and the Poisson
ratio v, were taken from the literature and previous works. There is no experimental
data allowing us to determine the value of the plasticity threshold s, so we performed
various tests in order to find a consistent value. All parameters values and references
are listed in Table I.1.

I.2.3 Compression experiment

Initially, the nucleus is placed between two rigid plates (£2;4¢.) of length [,;4,. and
height g,14e, the lower plate being fixed and the upper one being mobile, to simulate
a compression experiment as the one presented by Caille et al. [2002]. All parameters
were chosen so that the compression speed is the same as in the aforementioned paper
and the nucleus is compressed up to 70 %. Gravity is applied to the nucleus before the
compression cycle begins. The upper [, and lower [;;, plates are described by two
characteristic functions g, (x) and g;, (x —u) ,where x — u indicates the initial position
of any particle of the system (see Appendix C), in order to give the obstacles position to
evaluate the contact force.

The friction force between the plate and the cell when they are in close contact is
neglected. A normal force is introduced to control the contact between the nucleus

and the plates, as follows

fplate(x_u) = Uplate8plate X)Mpjate (I.5)

where 146 is the penalization coefficient, u is the displacement and g4 (X) =
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8up(X) + g1p(X) is a characteristic function that varies smoothly between 0 and 1 on a
given interpenetration depth equal to 0.2 um. This depth can be adjusted by varying
the scaling parameter of the Heaviside function. Consequently, because of the prop-
erty of the level set, no such force is applied when the plate and the nucleus are far
from each other. When they become close enough, an eventual small overlap induces
a large repulsive force cubically dependant of the overlap depth. Lastly, ny;4 is the
outward normal to the plates.

As described in previous work [Aubry et al., 2014], the global equilibrium of the
system is expressed as

pna=Div(e,) +fpiate + On8 (I.6)

where p,, is the nucleus density, a is the acceleration and Div is the usual diver-
gence and g is the gravity acceleration. fy;,. is the contact force, considered here as a

localized body force in the neighbourhood of the contact with plate.

I.2.4 Results

The nucleus undergoes a loading/unloading cycle as defined in Appendix I.C. First,
the nucleus settles down on the fixed lower plate under the action of gravity (0 < ¢ <
T1). Then, the mobile upper plate goes down and compresses the nucleus up to 70%
(Ty < t < T1 + T) and keeps the maximum compression for a time T3, with T;, T> and
T5 respectively being equal to 10, 27.5 and 2 s. Lastly, the upper plate goes back to its
initial position as it unloads the nucleus.

In a first simulation, we set E; o to 3000 Pa, E;, o to 25 Pa, 7, to 2 s and the plastic-
ity threshold to 4 Pa. Our model displays a non linear force-normalized deformation
(with d the normalized vertical deformation of the nucleus) relationship during com-
pression that shows a similar profile than those from Caille et al. [2002] (Figure 1.6a).

Additionally, a plastic behaviour is observed since the norm of the average deviatoric

D
n

once the nucleus is unloaded (between t = 35 s and t = 50 s). In fact a residual strain of
about 8% is found (Figure 1.6b).

Four test cases were implemented to study the influence of several parameters on

strain €, reaches a peak of 70% at t = 30 s as expected, but does not drop back to zero

the behaviour of the model. First, we examined the response of the nucleus model
for E;y equal to 100, 500, 1000, 3000 and 10000 Pa (Figure 1.7). When the lamina’s
Young modulus increases, the force needed to compress the nucleus increases as well
(Figure 1.7a), while the plastic deviatoric strain after unloading decreases (Figure I.7b).
To compress the nucleus up to 50 %, the force ranges from 6 uN/m for E; o =100 Pa to
80 uN/m for E; = 10000 Pa, while the plastic deviatoric strain after unloading ranges
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Figure 1.6: Simulation of compression and release of the nucleus. (a) Force-Normalized dis-
placement curve, (b) evolution of the deviatoric strain €2 in the nucleus with respect

to time

from 30% to 2.5% (Figure 1.7a).
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Figure I.7: Parametric study on Ejgming0. (@) Force-Normalized displacement curve and (b)
evolution of the nuclear deviatoric strain €2 with respect to time

Thus, the lamina seems to be a major load-bearing element of the nucleus and a

lower Young modulus, which can be correlated with lamin-deficient nuclei, triggers

higher nuclear plasticity. This result is consistent with a recent study on nuclear de-

formability [Cao et al., 2016] in which irreversible nuclear deformation was observed

after transmigration of Lamin A/C deficient cells.

Although most reviews focus on the lamina [Harada et al., 2014; McGregor et al.,
2016], the recent work of Stephens et al. [2017] highlighted the fact that chromatin
may play a critical role as well. The influence of the stiffness of the nucleoplasm, in

which the chromatin has a major impact, was then considered with Ej; ¢ equal to 1,
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25, 100 and 1000 Pa (Figure 1.8). As expected, the force required to compress the nu-
cleus increased with the Young modulus (Figure 1.8a). Contrarily to the previous case,
a higher nucleoplasm stiffness yielded to an increased plasticity (Figure 1.8b). The de-
viatoric strain upon unloading of the nucleus goes down at various speeds due to the
definition of 7, = T,y Enp. Here, the force required for a 50 % compression ranges
from 20 to 100 uN/m (see Fig. 1.8a). Thus, as well as the lamina, our model features
the nucleoplasm as a potential load-bearing element.

%107

— b 075 —
1.6 1Pa 07 1Pa
15/ |—25Pa 0.65 Thor
14 | —100Pa —— 100 Pa
1.3 1000 Pa L 1000 Pa | |
1.2

11
1 0.45
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Force [N/m]

01 0 01 02 03 04 05 06 0 50 100 150 200 250 300
dy Time [s]

Figure 1.8: Parametric study on E,;cieopiasm,0- (@) Force-Normalized displacement curve and
(b) evolution of the nuclear deviatoric strain with respect to time

Finally, 7, and s could also affect the overall mechanical behaviour of the nucleus.
The nucleoplasm characteristic time has been found to be very disperse depending on
the cell and experiment type. In this simulation, 7,, was set to 0.1, 1, 2, 10 and 30 s
(Figure 1.9b). Longer characteristic times gave less plastic behaviours down to only 2
%. As for the influence of s, with values of 0.1, 1, 2, 4, 10 and 30 Pa (Figure 1.9a), the
last two values yielded roughly no plastic strain. It is interesting to notice that there is
an increased plasticity from 0 to 5 % when the threshold increases from 0.1 to 4 Pa (see
Fig. 1.9).

Nuclear plasticity correlates with the lamin levels and nucleoplasm stiffness

In conclusion, our model does reproduce the visco-elastic behaviour of the cell’s
nucleus, as well as its plasticity upon higher strains. Depending on the values of the
Young’s moduli of the lamina and the nucleoplasm, either of them can be the major
load-bearing element of the nucleus. With respect to the experimental works in the
literature, we choose to set the lamina as the major load-bearing element and the nu-
cleoplasm as the one prone to plasticity. The aforementioned plasticity grows larger
with increasing values of Ej,; o and with decreasing values of E; o or 7,,,,. Smaller value
of E; o can be seen as the modeling equivalent of lamin-deficient nuclei, hence being

in agreement with experimental results where Lamin A/C-deficient nuclei present a
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Figure 1.9: Deviatoric strain for various values of plasticity threshold (a) and 7 ,,cieopiasm (D)

larger plastic deformation [Cao et al., 2016]. Now that the compression study has been
completed, we aim to implement the nucleus constitutive law into a whole cellular

model to simulate a perfusion test.

I.3 2D model of a perfusion experiment

In this section we detail the 2D FE model developed to simulate a perfusion test. In this
type of experiment, the cell passively flows through micro-channels in which a fluid
flow is assured thanks to a pressure gradient [[sermann et al., 2012]. Cell deformabil-
ity and passing time can be studied. The objective here is to analyze the influence of
the nucleus visco-elasto-plastic behaviour during perfusion on the overall cellular re-
sponse. Such influence will be studied more specifically on two phenotypes through
variation of the mechanical properties of the lamina: a control model and a lamin-

deficient model of the cell.

I.3.1 Cell geometry

Similarly to our previous works [Aubry et al., 2014; Allena, 2014], the cell ({2..;;) is con-
stituted by the surrounding actin cortex ({2corsex) and the cytosol ({2¢y0s501), Which
form the cytoplasm (2¢;0piasm), and by the lamina ({2,454, Sec. 1.2.2) and the nucle-
oplasm (£2,,yc1eoptasm» Sec. 1.2.2), which form the nucleus (£2,,;¢7eus, Sec. 1.2.2) (Figure
[.10). To describe the {2:4;tex and the £2¢) 14501, We use, as we did for the lamina and the
nucleoplasm (Sec. 1.2.1) two characteristic functions g.(x) and g.;(x) as described in
the Appendix D (Figure I.10).
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Figure I.10: Cell and micro-channel geometry. In red is the nucleoplasm, orange is the lamina
(too thin to be visible here), light blue is the cytosol and dark blue is the cortex. Red
arrows represent the outward normal to the channel n.y,.

I.3.2 Perfusion experiment

The perfusion device is modeled as a constriction channel (2.,4,,¢;) defined by two
rigid walls. The upper (g,.) and the lower (g;.;) walls (Figure 1.10) are defined by two
characteristic functions (Appendix E).

We first performe a microfluidic study to obtain the velocity field inside the micro-

channel. The fluid is described by the Navier-Stokes equation as follows

praf=-Vpl+nsAvy (L.7)

where p is the volumetric mass of the fluid, as the fluid acceleration, V the gra-
dient operator, p the pressure, 7 ¢ the fluid viscosity, A the Laplacian and vy the fluid
velocity.

The boundary conditions include a pressure P;, at the left inlet and P,,; at the
right outlet. The fluid parameters are chosen in order to avoid turbulent patterns both
at the entrance and the exit of the constriction (Figure I.11 and Table I.1). Finally, we
assume that the velocity field calculated without the cell in the constriction does not
vary over the perfusion assay, which constitutes a first step towards a more complex
multiphysics model including fluid-structure interactions that will not be developed
here.

The force f;,i4 exerted by the fluid on the cell cytoplasm is then defined as

friuia X = friviaovr (1.8)

with ffiuia,0 the amplitude of the force applied on the cell, chosen so that the cell
always passes through the channel in 15+ 0.05s in order to be able to compare the
results (experimentally, the passing time in such devices ranges from 20 ms to a few
seconds [Philipp Isermann, 2013; Hou et al., 2009; Luo et al., 2014]).
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Figure 1.11: Profile of the fluid velocity inside the device for two sizes of constriction W,;=5 and
1pum

Similarly to the compression test, a contact force is applied, now using the regular-
ized characteristic function of the channel, as follows

for(X) = pengen XNy, (1.9)

where p.j, is the penalization coefficient, g.;, = guc + 8¢ is a characteristic function
as defined for g;4¢. in Section 2.3 and n.y, is the outward normal to the channel.

I.3.3 Constitutive model and mechanics of the cytoplasm

As the nucleus constitutive law has been presented in Sec. 1.2.2, here we describe the
mechanical behaviour of the other cell’s components, namely the actin cortex and the
cytosol. We assume that the cortex behaves as an isotropic elastic material, whereas
the cytosol is described as viscoelastic, the whole cytoplasm thus being described by
a generalized Maxwell model [Allena, 2014; Allena and Aubry, 2012; Aubry et al., 2014]
(Figure I.12). As previously developed, the cytoplasm is considered as a Voigt homoge-
nized material from its two constituents, namely the cortex and the cytosol. The whole
cell is then a heterogeneous material composed of the homogenized cytoplasm and
the homogenized nucleus, such that o = g,,06', + gcp0 ¢p. The boundary conditions be-

tween these components are handled by the level set functions and the finite elements.
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The Cauchy stress of the cytoplasm o ¢, is given by

Ocp=8epX)(Ocx+0¢) (I.10)

where the subscripts cp, cx and cl represent the cytoplasm, the cortex and the
cytosol respectively, and g, represents the characteristic function of the cytoplasm

(see Appendix D).
acx: Ecx
/]
Cytoplasm 7 Ocps €cp
? o-cl,e' Ecl,e acl,vr Ecl,v

—AN—
[
Figure I.12: Rheological model of the cytoplasm [Aubry et al., 2014].

The cytosol itself is decomposed into a viscous part and a purely elastic part as
follows

Oc=0¢le=0¢ly

(I1.11)
€Eci=€clytE€cle
where the subscripts v and e respectively stand for viscous and elastic.
Additionally, we have
Ocx=AexTr(€cp)l+2pcx€cy
Oc1=AciTr(€cp—€cp, )1+ 2Unp(€cp —€crp) 1.12)
D
el = T
cl,v Nel
where Acyx, tex, Ao and pg; are the Lamé coefficients associated to the cortex and

the cytosol respectively, defined as Ay = % and yi = Z(%kvc), k={cx,cl}. Ecy,

E.; and v, are the Young moduli of the cortex and the cytosol respectively and the
Poisson ratio of the cytoplasm. 7., is the viscosity of the cytosol defined as ;=71 E¢y,
with 7, its characteristic time [Vaziri et al., 2006]. As before, we assume that €; , only
has a deviatoric part.

As previously, and due to the very small thickness of the cortex (10 nm), the Young
moduli were homogenized with regard to the surface occupied by the cortex and the

cytosol as:
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Acx 0
Ecx = Ecx,O—
Acp,O
Acl 0
Ecl = Ecl,O—
Acp,O

(I.13)

where Ay, Acpo, and Ago are the initial areas taken respectively by the cortex,
the cytoplasm and the cytosol.

The nominal values of the mechanical parameters E; o, E;; 0, T; and the Poisson
ratio v, were taken from the literature and previous work as listed in Table L.1.

Similarly to the nucleus computation, an ALE formulation with updated frame and
moving mesh is adopted. The contact force is also considered as a body force only
applied in the possible overlapped region between the cell and the channel whenever
it takes place and measured by the intersection level set of the channel and the cell and
the global equilibrium of the system is expressed as

pa=Div(o) +ffluid +f.p (1.14)

where p is the cell density defined as p(x) = p,, 8, (X)+pcp&cp(X), ais the acceleration
and o is the Cauchy stress that reads o = 8,0, + gcp0cp- friuia and fy respectively
indicate the fluid force exerted on the cell cytoplasm and the contact force between
the cell and the channel.

I.3.4 Results

In this study, we tackle two channel widths: W, = 5um (slightly sub-nuclear) and
W, = 1um (highly sub-nuclear). The large channel corresponds to a common size for
perfusion experiment [[sermann et al., 2012], while the 1-micron channel was chosen
to study the behaviour of the cell under higher constriction at a size close to the 10%
limit impeding cell migration completely [Wolf et al., 2013]. The fluid force applied to
the cell is designed so that the passing time through the constriction is of the order
of seconds, as can be found experimentally [Philipp Isermann, 2013; Hou et al., 2009;
Luo et al., 2014]. In each case, we are first interested in the displacement of the cell
inertia center d. that decomposes as d., , and d.,, on both directions with d. , equal
to 0. Then we study the evolution of the norm of the nucleus deviatoric strain €2, the
value and distribution of the Von Mises stress, the ratio of nucleus area over cell area
% and the vertical and horizontal component of the positive part of the resultant of
the fluid force acting on the cell (|Ff;yiq,<| and |Fryyiq,y| respectively), all with respect
to d. x. To better understand the structural role of the lamina and the chromatin, we
implement one model for a "wild-type" cell and another for a "lamin-deficient" one,

in which E;  is set to 3000 and 30 Pa, respectively.
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a 5 microns-wide constriction

We first look at the "wild-type" model in the larger channel. The cell rapidly plugs the
channel (d. , = 4um) and then requires more time until the nucleus itself clogs the
channel (d. x = 12um). Once this is accomplished, the cell goes through very rapidly
(it takes here 1-2 ms, which is consistent with the results presented in [[sermann et al.,
2012]) and can then go back to a relaxed state (Figure 1.13 and Movie 1 in Supplemen-

tary Material).
1.t = 0s a0 2.t =0.1s A222
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Figure 1.13: Simulation results of the perfusion test in the 5 um-wide micro-channel for a wild-
type cell. Arrows represent the norm of the contact force (refer to the color scale
for the value)

The horizontal displacement of the cell center of inertia d. . illustrates this phe-
nomenon clearly (Figure I.14.a). The deviatoric strain of the nucleus reaches a maxi-
mum of 35% at the center of the constriction and no plastic deformation is found in the
nucleus (Figure I.14.b). The Von Mises stress reaches a maximum of 5.39 Pa in the con-
striction, which is barely above the plasticity threshold, thus explaining the absence
of plasticity (Movie 1 in Supplementary Material). Initially, the cell and the nucleus
area are equal to 176 um? and 50 um? respectively. The ratio of the nucleus over the
cell area then is 28.5 % before entering the constriction. As expected, this ratio grows
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larger as the cell enters the constriction to reach a peak of 40% for d. , = 16um and it
goes back to its initial value once the cell is completely out of the constriction after a
displacement of 30 um (Figure 1.14.c)). The resulting force applied on the fluid reaches
80 and 17 pN in the vertical and horizontal direction respectively (Figure I.14.d). If the
absolute value of the force is not specifically relevant by itself, it will be interesting to
compare these value with the other test cases.
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Figure I.14: Comparison of the perfusion test results in the 5 um-wide micro-channel for the
wild-type (blue: E; o =3000Pa) and the lamin-deficient (red: E; o = 30Pa) model. a)
Horizontal displacement of the cell inertia center d. x, b) Nucleus deviatoric strain,
¢) Nucleus area relative to whole cell area and d) Resulting fluid force (vertical and
horizontal components)

In the lamin-deficient model, the displacement of the cell’s center of inertia fol-
lows a similar curve, but the other parameters present significant differences (Figure
1.14). € . goes up to 62%, which means a 77% higher nucleus compression than for
the wild-type model. The Von Mises stress reaches a maximum of 7.3 Pa in the con-
striction, which is slightly higher than before and should yield a higher plasticity not
observed here (Movie 2 in Supplementary Material). This seemingly contradictory re-
sult will be discussed later in this section. The area ratio curve shows two local maxima
of 31 and 31.5 % for d, x =12 and 24 pm. Both values are around 20% lower than previ-
ously, which reinforces the earlier finding that the nucleus undergoes more deforma-
tion when the lamina does not "shield" it from stress. As it could be expected, the force
required to get the nucleus through the constriction is lower now that the lamina is
depleted as it reaches 51 and 9 pN in the vertical and horizontal direction respectively.
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b 1 micron-wide constriction

With the strongly sub-nuclear channel and the wild-type model, we could have ex-
pected a similar behaviour as previously, only slower. However, the cell undergoes a
different path to go through the smaller constriction. Indeed, as previously, the cell
rapidly clogs the constriction (d. = 41m), but then, the nucleus rapidly clogs the
constriction (d, x = 12um). Eventually, the nucleus gets gradually squeezed inside the
constriction until the cell center of inertia displacement reaches 14um, where the cell
finally goes through at once (Figures 1.15 and I.16a. and Movie 3 in Supplementary
Material).
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Figure I.15: Simulation results of the perfusion test in the 1 ym-wide micro-channel for a wild-
type cell. Arrows represent the norm of the contact force (refer to the color scale
for the value)

In this test case, the average nucleus deviatoric strain reaches 88% at d. ; = 18um
(Figure 1.16b.), which corresponds to the time when the rear of the nucleus is fully in-
side the constriction. Here, the nucleus presents a plastic strain of 8 % after reaching
the other side of the constriction. The Von Mises stress reaches a maximum of 13.7
Pa at the center of the constrained the nucleus as it first clogs the channel and then
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displays a relaxation (Movie 3 in Supplementary Material). Looking at the ratio of the
nucleus area over the cell area, the behaviour is significantly different from the 5 ym-
wide channel since two maxima are clearly visible (Figure I.16c.). The ratio reaches a
maximum of 38 % at d, , = 6.5um, corresponding to the nucleus starting to plug the
channel, the front of the cytosol thus being already squeezed inside the constriction.
The ratio then decreases as the nucleus makes its way through the constriction and
there is a second peak at 40% for d. ; = 28um as the rear of the nucleus exits the con-
striction, before it settles down to 28.4% at the end of the perfusion test (Figure I.16c.).
The force needed for the cell to go through the constriction reaches 120 and 22 pN in
the x and y direction respectively (Figure 1.16d.), which is 50% higher, for the vertical
component, as in the 5-um channel.
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Figure 1.16: Comparison of the perfusion test results in the 1 pm-wide micro-channel for wild
type and lamin deficient cells. a) Horizontal displacement of the cell inertia center
d. x, b) Nucleus deviatoric strain, c) Nucleus area relative to whole cell area and d)
Resulting fluid force (vertical and horizontal components)

As for the lamin-deficient model, starting with the displacement of the cell’s cen-
ter of inertia, differences can be spotted from the wild-type case (Figure I.16). The cell
first plugs the channel (d. x = 3.51um) and, as soon as the cytoplasm tip starts getting
into the constriction (d, x = 4um), the whole cell goes through. Thus, the nucleus it-
self does not seem to be a barrier to transmigration anymore. The deviatoric strain
reaches 98%, which is 10% higher than for the wild-type model. However, there is no
plastic strain anymore compared to the wild-type, which is in contradiction with ex-
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perimental results from Cao et al. [2016]. This result will be further discussed in the
following section. The Von Mises stress reaches a maximum of 16.2 Pa at the center
of the constrained part of the nucleus as it starts clogging the constriction and then
displays a relaxation (Movie 4 in Supplementary Material). Again, this value, superior
than in the wild-type cell should result in an increase of the plasticity. The area ratio
between the nucleus and the cell follows the same pattern than previously although
with lower values: it reaches a first maximum of 32% for d, , = 5.5um and second one
of 35% for d. ; = 28um. Together with the values of deviatoric strain, this shows, as
in the larger channel, that the nucleus gets more squeezed if no lamina protects it.
The force of the fluid on the cell reaches 67 and 12 pN for its vertical and horizontal
component respectively, which is almost half the force needed for the wild-type cell,
once again comforting us in the idea that the nucleus is a major barrier during trans-
migration through small constrictions, and the lamina seems to be a crucial structural
constituent of the nucleus allowing it to resist to large deformation. The decrease of
plastic strain in the lamin-deficient model however raises the question of the role of

the nucleoplasm as a load-bearing element of the nucleus.

The cytoplasm can "pull” on a too soft nucleus

The complete cell model with a visco-elasto-plastic nucleus was tested in 5 pum-
wide and a 1 um-wide perfusion channel both as a wild-type cell (E;, = 3000 Pa) and
a lamin-deficient one in which the lamina was considered a hundred times weaker
(E10 =30 Pa). In both cases, the cell first plugs the device and then goes through very
rapidly once it has progressed far enough in the constriction with a passage time of the
order of 1 ms. In the larger channel, once the nucleus is in contact with both the upper
and lower channels, it is sufficiently compressed for the cell to go through directly.
However, in the smaller constriction, an additional step is necessary for the nucleus to
fully plug the channel and only once the cell center of inertia has progressed far enough
in the constriction, the whole cell can pass through.

The study of the lamin-deficient model gives very interesting results and insights
of the importance of the interaction between the cytoplasm and the nucleus. First,
the lamin-deficient nucleus undergoes significantly higher deformation than the wild-
type one, hence showing the importance of the lamina as a load-bearing component
of the nucleus. This seems to back up studies stating that the lamina is the major struc-
tural constituent in the nucleus. However, a closer look on the behaviour of the nucleus
with regards to plasticity shows that the wild-type model displays a 10% plastic strain
after exiting the smaller constriction, while the lamin-deficient one does not display
any irreversible deformation (a similar but less intense phenomenon is observed in
the larger constriction regarding the Von Mises stress). This property of our model ap-

pears in contrast with the latest experimental results as discussed by Cao et al. [2016].
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Further analysis of our results revealed that the cell cytoplasm seems responsible for
this loss of plasticity as it forces the lamin-deficient soft nucleus to return to its original
shape. This is an exciting result that meets the experimental observations of Keeling
et al. [2017]. It also backs the recent thesis defended by Stephens et al. [2017] that not
only does the lamina play a role but chromatin also plays a major part as a load-bearing
element in the nucleus.

I.4 Conclusion and Discussion

All in all, our model of an isolated nucleus does display a plastic behaviour under ex-
tensive compression, as shown experimentally [Pajerowski et al., 2007], and shows that
both the lamina and the nucleoplasm have an impact on the mechanical behaviour
of the overall nucleus. A softer lamina and a stiffer nucleoplasm yield a higher irre-
versible deformation after unloading the nucleus. Implementing this model in a whole
cell model under a perfusion test allowed us to unveil the mechanical influence of the
cytoplasm on the nucleus. In the 1 um constriction, the plastic deformation signifi-
cantly decreased with the depletion of the lamina, which we explain by the cytoplasm
"pulling" on the now softer nucleus to get it back to its original shape. This is further
confirmed by the fact that in the isolated nucleus model, a decreased lamina Young
modulus resulted in an increased plasticity. Thus, in order to observe plastic deforma-
tion, either the nucleoplasm should be stiffer, or the cytoplasm softer. This mechani-
cal interplay between nuclear stiffness and its plasticity reveals the ability of numerical

simulation to tackle biological issues and to shed light on different mechanisms.

Our model however presents some limitations and some improvements can be in-
cluded. First of all, a 2D FE model was used, whereas a three-dimensional (3D) one
would be needed in order to faithfully reproduce 3D experiments. This point is par-
ticularly sensitive looking at the compression test: a more valid reduction would be an
axi-symmetric model. We still chose to develop a purely 2D model since it fits the per-
fusion test: the compression test model is a step towards a more complete cell model
and a 2D reduction will not give faithful quantitative results, but the qualitative trends
stay valid.

Moreover, we chose to cope with the thinness of the cortex and the lamina through
weighted Young’s moduli with respect to the relative area of each cell component. Nev-
ertheless, a shell model would surely fit better and could provide new insights on the
relation between the various cell components [Aubry et al., 2016].

Lately, some very interesting models of the cell nucleus were developed [Giverso
et al., 2014; Cao et al., 2016] in which the interaction between the nucleus and the cy-
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toplasm is represented by an active force puling on the nucleus. Our model gives a
new insight on the passive interaction between these 2 cellular compartments: the
comparison between the isolated nucleus model and the complete cell model proves
the major mechanical influence the cytoplasm can have on the nucleus in a passive
state. This interaction would be increasingly important during an active phenomenon

like transmigration and our results thus open new investigation focuses.
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Parameter Description Value (unit) References
Teell Cell radius 7.5 um
Tcortex Cortex radius 7.5 um
Teytosol Cytosol radius 7.25 um
Tlamina Lamina radius 4 um
Tnucleoplasm ~Nucleoplasm radius 3.95um
teortex Cortex thickness 250 nm [Aubry et al., 2014]
tamina Lamina thickness 50 nm [Bridger et al,,
2007; Kaminski
etal., 2014]
Ecxo Nominal cortex Young modulus 100 Pa [Aubry et al., 2014;
Allena, 2014]
Ecio Nominal cytosol Young modulus 10 Pa [Kamgoue et al.,
2007; Ayala et al,,
2016; Aubry et al,,
2014; Allena, 2014]
Ero Nominal lamina Young modulus 3000 Pa [Aubry et al., 2014;
Allena, 2014]
Enpo Nominal nucleoplasm Young 25Pa [Vaziri et al., 2006;
modulus Vaziri and Mofrad,
2007; Aubry et al,,
2014; Allena, 2014]
E.. Equivalent cortex Young modu- 9.08 Pa
lus
E.; Equivalent cytosol Young modu- 9.16 Pa
lus
E; Equivalent lamina Young modu- 74.53 Pa
lus
Enp Equivalent nucleoplasm Young 24.38Pa
modulus
Ve Cytoplasm Poisson ratio 0.3 [Aubry et al., 2014]
Vi Nucleus Poisson ratio 0.4 [Aubry et al., 2014]
Tel Cytosol characteristic time ls [Milner etal., 2012;
Guilak et al., 2000]
Tnp Nucleoplasm characteristic time 2s [de Vries et al,,
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Pcp

T3

Vo
xp’()
Yup,0
Yip,o
lplate
hplate
X0

a

ar

do

Nucleoplasm plasticity threshold
Cytoplasm density

Nucleus density

Initial cytoplasm area

Initial cortex area

Initial cytosol area

Initial nucleus area

Initial cytoplasm area

Initial cortex area

First characteristic time for y, (1)
Second characteristic time for
Vp(1)

Third characteristic time for
Vp(t)

Velocity of the compression plate

x-coordinate of the plates
y-coordinate of the upper plate
y-coordinate of the lower plate
length of the plates

vertical width of the plates
Geometric parameter of the per-
fusion constriction

Geometric parameter of the per-
fusion constriction

Geometric parameter of the per-
fusion constriction

width of the constriction

Inlet pressure in perfusion device
Outlet in perfusion device

Fluid density in perfusion device
Fluid viscosity in perfusion de-

vice

4 Pa

1000 kg/m3  [Milo and
Phillips, 2015]
Milo and
Phillips, 2015]

1400 kg/m?

126 um?
11 um?
115 um?
50 ,um2
49 pm?
1 um?
10s
27.5s

2s

[Caille et al,
2002]

0.25 um/s

0
6um
6 um
30 um
1um
15 um

11 um
16 um

Wch,l =1lpm
or Wch,S =
Sum

1Pa

0

1000 kg/m?
1072 Pa.s

Table I.1: Set of parameters describing the visco-elasto-plastic model
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Supplementary Material

We compiled movies of the results of the perfusion assay for each cell type and
channel width and plotted the Von Mises stress inside the nucleus in order to under-
stand better the plasticity process. For each movie, the frame is set at 60 images per
second. In the 5-um channel models, the time step between each frame is 0.01 s from
0to 1.2 sand 0.1 s from 1.2 to 10s (Movies 1 and 2). In the 1-um channel wild-type
model, the time step between each frame is 0.01 s from 0 to 1.028 s, 0.001 s from 1.028
sto 1.03's, 0.01 s from 1.03 to 1.2 s and 0.1 s from 1.016 to 10s. In the 1-um channel
lamin-deficient model, the time step between each frame is 0.01 s from 0 to 1.014 s,
0.001 s from 1.014 sto 1.016s, 0.01 s from 1.016to 1.2 s and 0.1 s from 1.016 to 10s.

Movie 1 - Wild type cell perfusing across the 5-um channel (Color scale corre-
sponds to the Von Mises stress).

Movie 2 - Lamin-deficient cell perfusing across the 5-um channel (Color scale cor-
responds to the Von Mises stress).

Movie 3 - Wild type cell perfusing across the 1-um channel (Color scale corre-
sponds to the Von Mises stress).

Movie 4 - Lamin-deficient cell perfusing across the 1-um channel (Color scale cor-

responds to the Von Mises stress).
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Appendices

I[.A Characteristic functions

Throughout the paper, each cellular component is geometrically defined through a
characteristic function g, which is a composition of a Heaviside function / and a spa-
tial level set [ as follows

1 forl;(x)>0
g§iX) =hol;(x) = (1.15)
0 forl;(x)<0

where i =np, ], cl, cx. The nucleoplasm and the lamina constitute the nucleus (g, =

gnp 1 81), while the cytosol and the cortex constitute the cytoplasm (g¢ = gc; + gex)-

I.LB Nucleus geometry

/) {1 if rnucteopiasm < IX—Cnucteusll < Tiamina
l =

(I.16)
0 otherwise
Zup(0) = 1 if IX—cpucteusll < Tnucteopiasm 1.17)
0 otherwise

where €;¢1eus 18 the position of the center of the nucleus, rucieopiasm and ramina
are the nucleoplasm and lamina radii, respectively and x is the actual spatial position.
I.C Compression experiment

The compression plate are defined by the following Heaviside functions

1 ifl,,>0
gup(X—U):{ “p (1.18)

0 otherwise

1 if llp >0
gipx—u)= (I.19)
0 otherwise

such that g,;are = gup + &1p, With [, and [;;, two level set functions expressed as

x_prO)s B (J’_ Yup,0 _J’pm)4 1

lu = -
P lplate 8plate
(I.20)
X=Xpog VFTVipo 4
lp=—( ) ( -1
lplate 8plate
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where (xp,0, Yip,0) and (xp,0, Yup,0) are coordinates of the two plates, respectively
and y, (1) is the vertical displacement applied on [, the lower plate being fixed, and
defined as:

—vo(t—T7) fh<tsT+1
yp(t): —voT> fN+Th<t<Th+T,+ T3 (1.21)

—vo(—t+T1+2Tr+T3) if1+To+T3<t<T1+2T,+ T3

with vy the compression velocity and T3, T» and T3 the time parameters defining

the loading/unloading of the plate (see Fig. 1.C.1).
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Figure I.C.1: Displacement of the mobile upper plate.

I.D Cell geometry

1 ifr, <|x-c l<r
ytosol nucleus cortex
8ex(X) = _ (1.22)
0 otherwise

1 if|x—cuycieusll <71 I
gCl (X) — nucteus CleSO (123)
0 otherwise

with 7¢y 10501 and reorrex being the cytosol and cortex radii, respectively.
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ILE Perfusion experiment

ILE.1 Geometry

1 ifl,. <0
Sucx—u) = (1.24)
0 otherwise

1 if llc <0
glcx—u) = (1.25)
0 otherwise

such the g, = guc + 810, where [, and [;. are two level set functions defined as

X— X - X—Xg—y+ X—Xo+y—
Lyuc=( 0)16+(.V y0)16+(M)16+(M)17
a) a) a, as 126
XX + X—Xo—y- X—Xo+y+ :
lic=( 0)16+(y y0)16+(M)16+(M)17
a; ay ao as

where xp, a; and a, are geometric parameters and y = a; +dy/2, dy being the width

of the constriction.

I.LE.2 Parametric study

The perfusion model involves 41 parameters (see Table I.1), but not all are of the same
importance. We can classify them in three categories:

1. The parameters that purely define the system geometry and its dynamics (7¢j;,

Tcortex> Teytosolr Tlaminar Tnucleoplasm» Leortex> tlamina» Acp,0r Acl,00 Acx,00 An,0,Anp,0,
Ao Th, Ta, Ts, Vo, Xp,0, Yup,0, Yip,o» bptates Rpiate, Xo, a1, a2, do, Pin, Pout, P, M)

2. The parameters that have been well defined in the literature (v¢, Vi, pcp, Pn)
3. The parameters that present a high variability (Ecx,0, Ec1,0, E1,0, Enp,0, Tcl» Tups S)

We assume that the parameters of the 15 and 2"¢ categories do not influence the
overall results of our work. Among the last category, we chose to focus on those that
may play a critical role during the perfusion assay. Considering our interest in the inter-
action between cytosol and lamina, we chose to perform a parametric study on E;,
E;o and 7.;. The plasticity threshold was not included since it was calibrated on the
compression test and the value was then kept constant. The sensibility study was con-
ducted on both the wild-type cell model and the lamin-deficient one. For each param-

eter, 3 simulations were performed using the initial value of the parameter and +10%.
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We analyzed the nuclear deviatoric strain €2 as function of the horizontal displace-

ment of the cell center of inertia d, , and that said displacement as a function of time

in order to assess the influence of cell mechanical parameters on the passage time.
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Figure I.E.1: Parametric study on E.;o. Left: Evolution of the nuclear deviatoric strain €;, as
function of the horizontal displacement of the cell center of inertia d. x and Right:
Horizontal displacement of the cell center of inertia as a function of time during
the 1 pm-wide micro-channel perfusion simulation for the wild-type model.
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II.1. INTRODUCTION

I[1.1 Introduction

After studying the mechanical behaviour of the nucleus in compression and perfusion,
both being passive mechanisms, we want to focus on the active mechanism behind
cell migration. Different modes of motility exist, such as flagellar motility [Silflow and
Lefebvre, 2001], gliding [Kappe et al., 2004], swarming [Henrichsen, 1972], mesenchy-
mal [Chhabra and Higgs, 2007; Van Haastert, 2011] or amoeboid motility [Charras and
Paluch, 2008]. Some cells are able to switch from mesenchymal (slow F-actin driven
pseudopods) to amoeboid (fast myosin-driven blebs) migration as a reaction to envi-
ronmental cues, such as an increased confinement [Ibo et al., 2016]. Adhesion-based
motility rests on a tight synchronization between the protrusion-contraction move-
ment of the cell and the adhesion forces exerted by the cell on the substrate and neces-
sary to anchor and move forward. In 3D confined environments and in the absence of
adhesion/traction forces, some cells, such as cancer cells, are able to adopt an amoe-
boid mode of invasion forming bleb-like constriction rings (i.e. membrane protrusions
without cytoskeletal elements such as actin filaments) [Wolf et al., 2003; Liu et al., 2015]
and bypassing the requirement for Extra Cellular Matrix (ECM) degradation [Sahai and
Marshall, 2003; Friedl, 2004] as occurs during mesenchymal migration. In this specific
case, the cell migrates through a traction-independent mechanism named "chimney-
ing" because of its resemblance with a technique used by alpinists to climb up rock
clefts [Paluch and Raz, 2013] (see Fig. I1.1).

— bleb .

Figure II.1: Illustration of the chimneying mechanism as a rock climbing method (a) and as a
bleb-based migration mode (b). The red arrows indicate the pushing force at the
root of such mechanism. The green arrow indicates an active contraction of the
cell rear that leads to the formation of a frontal bleb.
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In fact, the cell generates pushing forces perpendicular to its membrane [Malawista
et al.,, 2000; Limmermann et al., 2008] and the resulting friction is sufficient to ensure
the forward movement. When migrating through the gaps and pores within the ECM,
the friction is enhanced by the numerous surrounding fibers on which the cell can
push. This chapter then aims at shedding light on this intricate and subtle migration
mode

II.1.1 The importance of interstitial fluid flow in cells

The specificity of bleb-based chimneying migration lies in the ability of the cell to move
without the formation of adhesions between the cell and its surrounding and in the
absence of actin polymerization. Without two key features of classical mesenchymal
migration, one may wonder: what is the motor of such migration mechanism ? Some
migration modes have been found to be driven by intra-cellular pressure instabilities
[Petrie et al., 2014], or fluid exchanges between the cell and its environment [Stroka
et al., 2014], thus pointing out the importance to take intra-cellular fluid flow into ac-
count when dealing with cell mechanics [Mogilner and Manhart, 2018]. In fact, the
pressure instabilities and the resulting interstitial fluid flow are what drives the for-
mation of a bleb [Maugis et al., 2010]. In the absence of actin polymerization, these
pressure instabilities can arise from passive deformation of the cell or the active local
contractility of the acto-myosin network.

II.1.2 Contractility of the acto-myosin network

The cytoskeleton is the backbone of the cell. Its main components are the micro-
tubules, the intermediate filaments and the actin filaments. The last ones, associated
with a motor protein called myosin, regulate cell motility. Indeed, the polymerization
of actin fibers at the cell's membrane propels protrusions like pseudopods forward,
while the contractility of the actomyosin stress fibers put the cell under tension and
can retract or contract cell areas. Let us now take a closer look at those contractile
fibers. Coupled with myosin II thick filaments, the thin actin filaments form this large
bundle of 10 to 300 filaments [Cramer et al., 1997] (see Fig. II.2). In order to generate
a sliding of the actin filaments, the myosin II motor proteins follow a cyclic process
called the "powerstroke cycle" [Vale and Milligan, 2000]. Through binding and hydrol-
ysis of ATP (Adenosine triphosphate, the energy carrier of the cell), myosin undergoes

conformational changes that induces a translation of the actin filament attached to it.
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—
10-300

actin
filaments

Filament slicing

Figure I1.2: Tllustration of the basic structure of a contractile fiber (which consists of myosin
containing contractile “thick” filaments and actin “thin” filaments) and myosin’s
powerstroke enabling the sliding of actin fibers Modified from MBInfo and Cooper
[2000]

II.1.3 Bleb-based chimneying migration

Bleb-based migration takes its source in the poroelastic properties of the cytoplasm
[Zhou et al., 2013; Arroyo and Trepat, 2017] and the contractility of the uropod (the
cell’s rear) [Lorentzen et al., 2011]. The life cycle of a bleb can fall into three steps:
initiation, growth and retraction [Charras and Paluch, 2008] (see Fig. 11.3).

An increase in the intra-cellular hydrostatic pressure, coupled with a local weak-
ening of the actin cortex underlying the membrane, can lead to the initiation and the
growth of a bleb, while the repairing of the actin cortex forces the bleb to retract. Chim-
neying is much less studied and described in the literature than adhesion-based mi-
gration. Hence, many hypotheses are made but not yet confirmed on the transloca-
tion process. In this type of migration strategy, some experimental works have shown
a sharp decrease, or a complete lack, of integrin-mediated adhesions [Limmermann
etal., 2008]. If the cell does not adhere to the substrate, it should oscillate around a sta-
ble position, unless another force enables it to move forward. One strong hypothesis is
that the cell "pushes" against the confining surface, which generates sufficient friction

63



CHAPTER II. THE MECHANICAL FOUNDATION OF CELL CHIMNEYING

a PE')(T Pe:ut
Initiation
m \—/AX/\N S \i""'—"‘"
P|nl Pim

e l&

Expansion

== Membrane
— Actin cortex <
<= Myosin motor

o Cortex—-membrane
linker

Cortex assembly

}

Retraction

Figure I1.3: The life cycle of a bleb can fall into three phases: bleb nucleation, expansion and
retraction. a) Bleb initiation can result from a local detachment of the cortex from
the membrane (left model) or from a local rupture of the cortex (right model). b)
Hydrostatic pressure in the cytoplasm (P;;;) then drives membrane expansion by
propelling cytoplasmic fluid through the remaining cortex (left model) or through
the cortex hole (right model). c) As bleb expansion slows down, a new actin cortex
reforms under the bleb membrane. d) Recruitment of myosin to the new cortex is
followed by bleb retraction. (P.y;) is the extra-cellular hydrostatic pressure [Char-
ras and Paluch, 2008]
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for it to "stick" to the wall [Hawkins et al., 2009]. Then, a fine synchronization between
the "stick-slip" phases and the life cycle of the bleb is necessary for the cell to have a
net forward motion.

II.1.4 Poroelasticity in biology

Now that the mechanisms behind cell chimneying are clearer, we must concentrate
on the material model that we choose for the cell. Since interstitial fluid flow is of
such paramount importance in the formation of blebs, and thus in the regulation of
chimneying migration, it needs to be carefully addressed in our model. Because of
many illustrations found in biology textbooks, the cell is often seen as a fluid droplet
in which the organelles bathe. The reality is quite different from the artistic views.
Indeed, the cell cytoplasm appears to be very crowded, and very little room is left for
the interstitial fluid to move (see Figure I1.4).

Figure I1.4: Colorized Scanning Electron Microscope image a neuron.

The structure resembles the one of sponges and porous rocks. Such media are typ-
ically described through poroelasticity theory to account for the transport of the in-
terstitial fluid as well as the deformation of the solid structure. Cell modeling is not
the first field of biomechanics getting into poroelasticity. Such models have been used
to describe soft tissues [Pena et al., 1998], bones [Cowin, 1999], blood vessels [Thiriet,
2007] and the ECM [Vuong et al., 2017]. It has also been used for the cell nucleus [Cao
et al,, 2016] and cytoplasm [Taber et al., 2011; Strychalski et al., 2015; Ghosh et al.,
2016]. The latter is however most often modeled as a visco-elastic medium [Karcher
et al., 2003; Deveraux et al., 2017], but the relevance of interstitial fluid flow makes us
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question this assumption and a poroelastic representation seems more suited for bleb-
based chimneying. Indeed, cell rheology is often explained through viscosity while the
poroelasticity theory appears to be more fitted [Moeendarbary et al., 2013; Wei et al.,
2016; Garciaetal., 2017; Hu et al., 2017; Mollaeian et al., 2018; Wang et al., 2018]. Among
the previously cited poroelastic cell models, Strychalski et al. [2015] tackled the issue
of cell blebbing and cell crawling and Taber et al. [2011] presented a very interesting
model of confined actin-polymerization-based migration. Some models for cell bleb-
bing exist without considering poroelasticity [Lim et al., 2013; Woolley et al., 2017], but
no model of bleb-based chimneying including poroelasticity has been proposed yet.
The results presented in the following section have been accepted for publication in
Molecular Cell Biology.

II.1.5 The proposed model

The challenge in chimneying is to capture the very fine synchronization between the
friction force with the confining surface and the bleb cycle. In this respect, we present
in this chapter our FE model of a poroelastic cell. For reasons of numerical conver-
gence, we develop it in 1D, since it is sufficient to capture the governing mechanism.
The model revolves around three main ingredients: the constitutive relationship of the
material, the active strain — as developed in previous models [Deveraux et al., 2017;
Aubry et al., 2014; Allena and Aubry, 2012b; Allena, 2013; Allena and Aubry, 2012a; Al-
lena, 2014; Allena et al., 2013] — solely at the rear of the cell and the Coulomb’s friction
force between the cell and the confining surface. Our goal is to explore a rarely studied
motility mode and to show that, in terms of cell-environment interaction, the laws of
mechanics alone are surprisingly sufficient to enable a net forward motion in a non-

adhesive migration.

II.2 The poroelastic model

We first write all the equations of the model in 2D in order to stay close to our previously
developed models, and will proceed to the 1D reduction on the final equations only.

II.2.1 Global equations of the model

The cell cytoplasm can be considered as a porous material — made of the cytoskele-
ton and the organelles — infiltrated with interstitial fluid. In such a configuration, two
sorts of fluid-solid interactions may occur. First, a fluid-to-solid interaction takes place
when a fluid displacement or an evolution of the intra-cellular pressure induces a vari-

ation of the cytoplasm volume. Second, a solid-to-fluid interaction may occur when
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the mechanical stresses applied to the cell provoke an evolution of the intra-cellular
pressure and a displacement of the fluid. Our poroelastic approach is based on the
theory developed by Terzaghi [1936] for geomechanics, and taken one step further for
numerical purposes by Zienkiewicz [1999]. We consider that the total stress in the ma-
terial is the superposition of the effective stress and the stress due to the fluid pressure.
The effective stress is the Cauchy stress in the dry solid, which then follows the typi-
cal stress-strain relationship. As for the pressure, if we freeze the system at a certain
time and measure the pressure inside the fluid, the difference between the total stress
and the effective stress is the stress exerted by the fluid pressure on the system. In this
framework, the total Cauchy stress o is defined as:

og=0"-pyl (IL1)

where g’ is the effective stress in the solid part, py is the hydrostatic fluid pressure,
and I is the identity matrix. Biot models usually found in the literature offer refined
considerations [Taber et al., 2011; Strychalski et al., 2015], but the approach in Eq.II.1
is accurate enough for our purpose.

The motor of cell blebbing lies in the high contractility of the cell rear, the uropod
[Lorentzen et al., 2011]. As in previous works [Aubry et al., 2014], we model this con-
tractility as an active strain through the decomposition of the deformation gradient
tensor F as follows:

F=F.F, (IL.2)

with F, and F, the elastic and active deformation gradient tensors, respectively.
The deformation gradient is defined as F =1+ Dpu, where Dyu is the gradient of the
displacement u with respect to the initial configuration p. From here on, as in the pre-
vious chapter, we put ourselves in the small deformation hypothesis. Indeed, although
the overall strain of the cell is not small, it may be considered as the combination of
successive small deformations, thus making such a hypothesis acceptable. We can as-
sume that F is close to the identity and thus approximate it by F, =1+ w, + €, where
w, is the anti-symmetric part of F, that defines the rotation and €, is the symmetric
part of F, that defines the strain.

From Eq. I1.2, we can then write:

Fo=F.F,' = I+ Dyu)(I-w, - €,) (I1.3)
Thus, the Green-Lagrange tensor E, defined as E= %(FT.F —I) reads:
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E,= 1[(I— wa—€)  T+Deu)’ I+ D) (I - w, — €,) — 1]
2 (I1.4)

1 T T

The cell’s strain is defined as € = %(Dxu +Dyu’) and, in the hypothesis of small

deformations, we eventually come up with:

€E.=€E—E€, (I1.5)

with €, and €, the elastic and the active cell strains, respectively.

Then, the constitutive mechanical law reads:

o' =ATr(e—ey)I+2u(e—€,) (11.6)

with A and p the Lamé coefficients of the solid part, defined as A = Ey and

1+v)(1-2v
U= ﬁ, where E and v are the Young modulus and the Poisson’s ratio o)f( the )solid
phase, respectively and Tr the trace operator.

If the cell is confined in a horizontal micro-channel, we can assume that the role of
the gravity will be minimal. Experimental work moreover proved that gravity does not
influence the active mechanism of cell spreading in a micro-pillars assay [Pan et al.,
2012] and we can then reasonably extend this hypothesis to our case. Since no volume

forces are applied to the system, the cell fluid equilibrium equation then reads

Div(o’ - psI) =pa (11.7)

where Div is the divergence and a is the acceleration, which is low but nonetheless
relevant, at least from a numerical point of view. p is the weighted density defined as
p =¢p +(1—¢)ps, with ¢ the porosity of the cytoplasm, p ¢ the density of the interstitial
fluid and p; the density of the solid phase.

In order to model the fluid-solid interaction, we write down the mass conservation
for each phase of the material locally. At such scale, the local quantities are marked
with an asterisk and from the mass conservation of each phase, we can write [Bear and
Bachmat, 1990; Coussy, 1995]:

cp,s% +div(vg)=0
dp;i (IL.8)
Cpp+ div(vy)=0

with ¢y s and ¢, ¢ the compressibility of the solid and the fluid phase respectively.
ps and p;i are the local pressures v; and v}i are the local velocities. The subscripts s
and f stand for solid and fluid, respectively.
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We perform a volume integration on a representative volume element (RVE) (2 of
total volume V;, composed of a solid phase (25 of volume V; and a fluid phase (2; of

volume V¥ (see Figure IL.5), to get a homogenized problem.

Figure IL.5: Illustration of the poroelastic system.

ane

00,

Zfs

Fluid phasex)y

Solid phasef)

025, and 0f2¢, are the exterior solid and fluid boundaries of the RVE, so that the
total boundary 02, = {25, U Of2f.. ns and ny are the outward normal vectors to each
phase. The homogenized quantities are noted without the asterisk and we have:

dp;
f (cps +dw(v ))dV+f (cp,fd—tf+div(v;))dV:O (I1.9)
f

which gives

d dpy
Cps dpSVs+Cpf T Vf+f div(v; )dV+f div(vp)dV=0 (II.10)

The Stokes theorem allows us to write:

—Vs+ —Ve+ ,ng)dS + ,ng)dS
Cp,s dr S Cp.f dr f 9., (Vg, 1) by (ve,nyp)

(II.11)
+ (Vi,n )dS+f i ,ngdS=0
farzfe / >N

where (a,b) indicates the scalar product of two vectors a and b.
On Xy, ng=—ny and vs = vy, S0 fos (v},np)dS+ fos (vi,ns)dS = 0. The previous

equation then becomes

— Vs + Ve+ ,ng)dS + —vingdS=0 )
vsar dt ° ‘vl ar dr 1 012, (Vs,ms) agfe(vf Vorny) (1L.12)

By applying the Stokes theorem the other way around and dividing everything by
V:, we introduce the porosity of the cytoplasm ¢ = and we can write
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d dp 1 -
Cp,s(1_¢) dpts +prf¢d—thf+7thdlU(Vs)dV

1 (II.13)
+— (Vy—vs,np)dS=0
Vt faﬂfe f s f

Vithdiv(vj)dV is the solid matrix deformation so % Jndivvy)dV = Tr(é). The
application of the Stokes theorem allows to rewrite the equation as:

aps
dat

Additionally, the Darcy equation of fluid flow in porous media reads:

d
psll=$) T2+ Cp pp—L+ Tr(@) + divivy —ve) =0 (11.14)

1
Vf—vs:—EKf(fo) (IL.15)

where 77 is the fluid viscosity, K¢ is the fluid intrinsic permeability matrix and V is
the gradient operator.

By combining Eq. II.14 and II.15, we get the global poroelastic equation of our
model:

dps
dt

d 1
Cps1=P)——=+ Cnf(P% + Tr(é) + div(—aKf(fo)) =0 (IL.16)

II.2.2 Reduction to a 1D problem

As previously explained, we choose to represent the cell as 1D element in the x direc-

tion. To do so, we average a 2D model in the other direction:

_ 1 rH/2
f== f(z)dz (11.17)
HJ -un

where f defines the average of a function f and H is the height of the cell in the z
direction.

Eq. II.1 then becomes:

oul

Oxx=A+2W)(Exx—€a) —Pr=A+ 2#)(@ —€q) — Py (IL.18)
where u is the displacement along the x-axis.
The integration of Eq. I1.7 along the z-axis gives:
Fit 05 xx H H
PW: Ix +sz(3)_0xz(_3) (IL19)

By combining these last two equations, we find:
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i FPiu 0, ap
Poz ~ A2 (7 -2 =—o+ (I1.20)

with 7 = H(U xz( )—o xz(—g)) the weighted shear stress.
In the global poroelastic equation II.16, we assume that we can neglect the solid

phase compressibility so that the final equation then reads:

aﬁf 0 oul kﬁzﬁf
ot 8t8x Ox?

Cp,rP—— (I1.21)

where k = 1;_; is the effective permeability, K being the scalar version of Ky due to
the 1D reduction.

Boundary conditions

Here, the cell membrane is not permeable to outside fluid. We choose this hypoth-
esis as a first approximation, even though we are aware of the importance of water
permeation in cells [Murata et al., 2000], in order to build a first model that shall later
be improved. Then, the boundary conditions on the fluid at both ends of the cell read
K¢V pr=0. From a mechanical point of view, the outside fluid pressure is negligible so
that o, = 0 at both ends. Besides, we consider the cell to be at rest at the initial time
t=0.

I1.2.3 The Coulomb’s friction law

The ability of the cell to progress in confinement is linked to the friction generated
when it comes in contact with the confining surface. Assuming that the contact is es-
tablished between the cell and the confining surface, the Coulomb’s friction-sliding
law reads [Coulomb, 1821; Pfeiffer, 2008]:
ot 0 if |T| < urld .| — stick phase
e Hpl0z= P (I1.22)
ot —AcT if|T| = ps|0 .| - slip phase
with A, a scalar and u the friction coefficient.
Then, in the slipping phase, we can write

As aresult,
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Eventually,
f
T=—p flézzlzt
Ot
Besides, if we assume that the strain in the z-direction is negligible, we can write 0, =
—Pr
All in all, we obtain
a_
T=—prlpyl i prlp Isign(au) (11.23)
STRAPfIT T = TRfIPS o .
195 ot
with sign(-) the sign function.
This force can be described in Figure I1.6.
T
KsPr
ou —— Coulomb's law
E } Regularized Coulomb's law

—HfPr
Figure I1.6: Diagram of the Coulomb’s friction force and its regularized form.

As we can see, the classical difficulty with Coulomb’s law is that it is not a contin-
uous function. For a zero velocity, there are infinite values for 7 and if 7 reaches its
threshold, there is no way to determine the velocity. In order to solve this issue, we use
aregularized sign function .

The regularized Coulomb’s law reads [Astrom and Canudas de Wit, 2008]:
f:—,uflﬁflsmsign(%) (I1.24)

where |G ;.| = |pyl if we consider that the strain occurs solely in the x direction.
smsign(-) is the regularized form of the sign function.In this respect the shear stress is
always smaller than p¢|p ¢| with a vanishing velocity and very close to pf|p | when the
sliding velocity is larger. This smoothed sliding friction has often been used in non lin-

ear dynamical or mechanical systems. It requires only one parameter and it generates
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stable, efficient and fast computations.

I1.2.4 Active strain

Cells that use bleb-based migration present a very particular type of active deforma-

tion. Indeed, this migration mode does not require actin polymerization, but solely

relies on cyclic myosin-driven contractility in the uropod, the cell’s rear. In our model,

the active strain €,(x, t) is written as a time periodic function (see Figure 11.7) of period
dxg . dxy

Ty, spatially localized Vx € [xo — =%; xo + <"1, as follows, with xy and dxo geometrical

parameters defining the active strain zone in the cell:

d d
Ealx, 1) = —eq0(h(t — to,up, $) = h(E— Lo.down $)) VX € [xo— %;xe + %1 (I1.25)

where e, o is the amplitude, fo,conr and &, gecon: describe the time at which the con-
traction/decontraction occurs and s, regulates the slope of the active strain.

ﬁ‘\ ) (f—\' /ﬁ
s \ |

2o | | |
. R .

é g ) // \k_)/ L

Time [s]

Figure I1.7: Graphical representation of the regularized active strain during four cycles of 30 s
each.

The relatively fast contraction and decontraction, over a time of 4 s, was chosen so
that the resulting pressure would be high enough for the creation of a bleb. The value
of Ty = 30s was chosen to fit the blebbing time scale found in the literature [Charras
and Paluch, 2008].
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II.2.5 Blebbing and Young’s modulus

Bleb initiation starts from the weakening of bonds between the actin cortex and the
cell membrane. The bleb then grows until such bonds are reformed, thus stabilizing
the bleb. In order to model this local weakening, we chose a quite raw approximation
to begin with: the cell’s Young’s modulus E..j; is locally weakened at the cell front,
which enables easier blebbing, such that

Eouy = Ecei1,0 ifx< %Lcell (11.26)
(1=D)Ecerro if x= §Lcen

where E;.; 0 is the un-damaged cell’s Young’s modulus, L,; is the cell’s dimension
and D is the damage coefficient.

To sum up, our poroelastic model rests on three main features: the active strain,
as described in Eq. I1.25, the poroelastic laws of the model, that is recapitulated in Eq.
I1.20 and I1.21, and the self-synchronized friction law, described in its final form in Eq.
I1.26.

I1.3 Results

In this section, we present the results of our 1D model, implemented in COMSOL
Multiphysics®. The contractile zone at the rear of the cell and the blebbing front zone
are both 5 um long. The description and value of each parameter are listed in Table II.1.
We use quadratic finite elements for the displacement variable and linear elements for
the intra-cellular pressure to prevent mesh locking phenomena. The mesh is a 1D uni-
form one with a discretization length of 0.5 um. In the solver parameters, a fifth degree
Backwards Euler integration is employed and at each time step, a Newton method is
used with a relative tolerance of 0.01 with regards to both fields. A computational run
for 120 s physical time takes about 3 minutes CPU time.

Table I1.1: Values and description of the model’s parameters

Parameter Description Value (unit) References
Lo Cell dimension 20 um
Ecell0 Cell Young’s modulus 1 kPa [Kuznetsova et al.,
2007]
Damage coefficient 0.9
o Weighted cell density 1000 kg/m?®
k Effective permeability 1071 m*/N.s  [Guilak et al., 2006]
Cp,f Compressibility of the cell’s fluid 5x107* Pa™!
phase
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¢ Cytoplasm porosity 0.5 [Taber et al., 2011]
My Friction coefficient 0.3

€a,0 Amplitude of the active strain 0.8

Xo Geometrical parameter of the ac- 2.5 um

tive strain

dxy Geometrical parameter of the ac- 5um
tive strain
To Period of the active strain 30s [Charras and
Paluch, 2008]
fo,up Temporal parameter of the active 5s
strain
fo,down Temporal parameter of the active 20s
strain
Sa Temporal parameter of the active 2s
strain

We first show that the friction force leads to a self synchronization which enables a
net cell motion forward. Then, we proceed to a sensibility analysis to identify the key
parameters that determine the ability of the cell to successfully migrate, and to study

the influence of the secondary parameters on the migration speed.

II.3.1 A successful synchronization and the cell migrates

A new point tackled by this model is that no adhesion is required for the cell to move
forward. Moreover, what gets really interesting is that the synchronization between
the Coulomb’s friction force and the cell motion is self-determined. In fact, there is no
need for a synchronization function, as it was the case in our previous works [Dever-
aux et al., 2017; Aubry et al., 2014; Allena, 2014], and mechanics alone regulates this

interaction.

We perform an analysis of our model on 4 periods of active strain (i.e. 120 s). The
first contraction cycle shows a different behaviour from the following ones and can
be seen as a necessary step to reach a new dynamic equilibrium. Then, the further
analyses will be made excluding this initial cycle. Obviously, in the absence of friction
(uf = 0), the cell pulsates on place but does not move forward (see Figure I1.8 a). This
configuration is interesting to study the poroelastic part of the model. Indeed, we ob-
serve a lag time between the displacement of the cell rear, due to the active contraction,
and the one of the cell front, that is a direct consequence of poroelasticity. Plotting the

displacement of the cell front and rear rather than their position, which would simply
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induce an offset of the front, allows to spot more easily if the cell is overall contracted
or extended. Besides, the intra-cellular pressure py is transported towards the front of
the cell over one period of active strain (see Figure I1.8 b), which enables the develop-
ment of a frontal bleb. Due to blebbing, the pressure does not have time to build up at
the front, which explains the low values compared to the pressure at the rear (30 Pa at
the front vs 400 Pa at the rear).

a) 2l — Rear
Front
1.8
=gt
g
E 1.2
g
=
E 0.8
j~8
S 06f
2 0.4r
0.2

Pressure [Pa]

0 2 4 6 8 10 12 14 16 18 20
Position in the cell [um]

Figure I1.8: Results of the poroelastic migration simulation in the absence of friction. Graphical
representation of a) the displacement of the rear (blue) and front (green) extrem-
ities of the cell over four periods of active strain and b)the intra-cellular pressure
along the cell length over one period of active strain

a Poroelasticity enables cell blebbing

After pointing out the influence of poroelasticity, the full model is studied, now includ-
ing the friction force with u ¢ =0.3. First, the pressure evolution inside the cell does not
change from the previous case, which is not surprising since poroelasticity occurs in
the same way. However, the displacement of the cell is strongly impacted (see Figure
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[1.9). The lag between the displacement of the rear and front of the cell is very similar
to the previous case, but a net forward motion of the cell of 2 um for the first cycle, and
then 4 um per cycle occurs. The cell migrates at an average speed of 8 um/min, which
is in the range of the values experimentally found for blebbing cells in confinement
[Ibo et al., 2016; Liu et al., 2015; Yip et al., 2015].

=
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Figure I1.9: Results of the poroelastic migration simulation with friction (uy = 0.3). Graphical
representation of the displacement of the rear (blue) and front (green) extremities
of the cell over three periods of active strain

b The fine action of the friction force

Once made sure that our poroelastic model does enable bleb formation, we need to
take it to the next step and find the parameters that will generate a net forward mo-
tion, which is the goal of the Coulomb'’s friction force. To do so, we first integrate the
friction force over the whole cell to study the total force F;,; applied to the cell. When
F;or is negative, it generally prevents a forward motion and, when negative, it prevents
a backward motion. During cycle 2 (and the following ones), two events need to be
addressed: first a negative peak of -1.45 nPa at 35.5 seconds and second, a positive rise
up to 0.7 nPa from 55 seconds to the end of the cycle (see Figure 11.10). However, this
global view conceals the local phenomena, which are of great interest here in order to
pinpoint where the friction is the strongest.

To do so, we study the first peak at ¢ = 35.5 s corresponding to the contraction and
the time period from 55 to 60 s —right after decontraction — and plot the friction force 7
along the cell length every second from 55 to 60 s. During contraction, there is a strong

friction at the uropod which is the direct consequence of the rear shrinkage. Indeed,
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Figure II1.10: Graphical representation of the total force applied to the cell.

the friction is negative from 0 to 4 um and positive from 4 to 7 um (see Figure I1.11
a). The cell is then mostly blocked from moving forward because the negative part of
7 is much stronger than the positive one. If we focus on what occurs after the decon-
traction however, the picture is quite different. As time progresses, 7 increases in the
positives at the rear and slightly decreases in the negatives at the front (see Figure 11.11
b). This means that the friction necessary for the cell to move forward is mostly located
in the rear part of the cell and not at the bleb, as it has been suggested in exploratory
works on blebbing migration [Charras and Paluch, 2008].

These results are very interesting since they offer a completely mechanics-based
insight of chimneying. In fact, although often observed, this phenomenon is quite un-
clear from the mechanical point of view. Hypotheses were made that the cell pushed
against the confining walls, but no further mechanical inquiries were undertaken. Our
model, although still preliminary, already unveils interesting mechanisms. First, it
proves that a simple mechanical friction force is sufficient for the cell to move forward
at a reasonable rate. Second, it reveals that the friction required for chimneying is lo-

cated at the rear of the cell during the uropod decontraction.

II.3.2 Sensibility study

Now, we study the influence of the parameters on the cell behaviour. Some parameters
are crucial to the migration, while others simply regulate its amplitude.

Then, the model’s parameters can be divided into three categories :

Discriminating: they determine whether the cell migrates or not: u¢, ¢y, Eceni
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Figure I1.11: Graphical representation of a) friction force per unit length along the cell profile
at t=35.5 s, b) friction force per unit length along the cell profile between 55 and
60 s with a line every 3 second

Non-discriminating: they determine how fast the cell migrates: k, s,

Technical: they purely define the problem : L., p, ¢, €40, X0, dXo, To, fo,up to,down

a The conditions for a successful synchronization

As seen in the Section 3.1, the friction is the corner stone of our model: without it, no
migration is possible. Intermediate values of the friction coefficient y  lead to interme-
diate migration speed, as could be expected (see Figure I1.12 a). The Young’s modulus
was chosen at 1 kPa. Each cell type has a different range of Young’s modulus, making
it interesting to study its influence on cell motility in the prospect of looking at specific
cell types. There appears to be an optimum in cell displacement for E..;; = 1000 Pa.
For higher values, the migration speed decreases and at 5 kPa, the cell may even go in
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the opposite direction (see Figure I1.12 b). The decrease of the cell compressibility ¢, ¢
induces a faster migration but, more importantly, a too high compressibility leads to
no migration or even a backward one (see Figure I1.12 c¢). In each case, this is due to
an insufficient level of intra-cellular pressure mobilization with respect to the friction
force.
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Figure I1.12: Cell front displacement - Parametric study on a) ¢ b) Ecey; €) ¢p f.

80




I1.3. RESULTS

b Sensitivity of the other parameters

The others parameters simply define how fast the cell migrates, but they do not in-
fluence the capacity of the cell to migrate. The rate of active strain, directly linked to
sa, influences chimneying velocity: the faster it is (the lower s, is), the faster the cell
migrates (see Figure I1.13 a). Concerning the effective permeability k, we observe the
same trend as for the Young’s modulus, but we do not reach a backwards migration.
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Figure I1.13: Cell front displacement - Sensibility study on a) s, b) k.

In order to get a new insight on our results, we introduce the so-called half-reduced
2

time t1/2 = zifseclel”' It gives an order of time needed to observe the poroelastic phe-
nomenon. The values of ¢/, for the values of the parameters tested in the parametric
study are listed in Table II.2.

From this table, we can see that the optimal migration speed occurs when ¢, is ten
folds grater than s, (i.e. 1,2 =20s). Indeed, for greater values of t;,,, there is no time
for intra-cellular fluid flow to occur, and for the lowest values, the pressure does not
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Table II.2: Half-reduced time values for different parameters couples

/2 (8)  Ecen(Pa) k (m*/N.s)

1000 1070
200 100 10714
1000 5.107P°
40 500 10714
20 1000 1071
1000 2.10714
10 -14
2000 10
1000 5.107 14
4 -14
5000 10

have time to build up before the fluid leaves the cell rear. Since we saw that the friction
force occurs at the rear of the cell, we understand that if there is no pressure increase,
then the friction remains too low to enable migration. In the case of E.;; = 5000 Pa, the

friction force is too negative, and the cell goes the wrong way.

I1.4 Discussion and Conclusion

Our preliminary model presents very interesting insights on the combined role of poro-
elasticity and passive friction force during the migration mode known as chimneying.
We focus on the sharp synchronization between poroelastic-based blebbing and pas-
sive friction force. In this respect, we chose to implement a 1D model of a generic cell
which could be adapted to fit a more specific cell type. This 1D reduction is of course
a rough simplification that induces a loss of information, but it simplifies the prob-
lem and allows to pinpoint the exact mechanisms that govern chimneying. Finding
out the values of the model’s parameters was complex due to the lack of experimental
data, or the wide range of the data that could be found. Thus, after starting with first-
approximation values of the parameters from the literature, we iterated until getting
an acceptable set of parameters for the model to run (see Table II.1). The model’s sen-
sibility on cell stiffness highlights the various behaviour that could be expected from
various cell types and it raises the question of the possibility of such migration mode
in stiffer cells.

Despite the simplifications, there is still alot to learn from this model. First, it shows
the need for poroelasticity intra-cellular fluid flows in the process of blebbing. Indeed,
the active contraction on the cell’s uropod causes an increase of intra-cellular pressure
at the rear that propagates through the cell. When the pressure wave reaches the me-
chanically weakened front of the cell, it induces a bleb growth. The last pillar is the

self-synchronized friction force between the cell and the confining surface. Indeed,
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contrarily to our previous works [Deveraux et al., 2017; Aubry et al., 2014], the synchro-
nization between the active strain and the force from the cell-environment interac-
tion is completely self-determined, which is a major step towards a more autonomous
model. Eventually, our model sheds light on the question of the location of the friction
force needed for the cell to move forward: the force enabling migration is the strongest
at the cell rear. These findings allow further research to focus more specifically on the
cell’s uropod and experimentally investigate the molecular processes at stake there.

In order take this further, we could consider more cellular components, which can
be described with specific constitutive properties by using spatial characteristic func-
tions as in Chapter I. The presence of the nucleus for instance could trigger interesting
phenomena, such as a piston effect [Petrie et al., 2014]. Besides, we control the cell’s
contractility by a purely time-dependent determined function, that is disconnected
from the reality of the acto-myosin network behaviour. In this respect, it would be
interesting to "biologize" the deformation by letting molecular dynamics equations
govern it, as was done in some very elegant works [Deshpande et al., 2008; Cao et al.,
2016; Moure and Gomez, 2017]. This exploratory model is only a proof of concept of fu-
ture more complex versions that could be developed to study the influence of specific
cell features in unhealthy cells. Indeed, blebbing is involved in various diseases such
as cancer metastasis [Friedl, 2004; Sahai and Marshall, 2003] or angiogenesis [Gebala
et al., 2016] and our model could be adapted to these various cases to deepen our un-

derstanding of the mechanics of such phenomena.

Bibliography

Allena, R. (2013). Cell Migration with Multiple Pseudopodia: Temporal and Spatial
Sensing Models. Bulletin of Mathematical Biology, 75(2):288-316. 66

Allena, R. (2014). Mechanical modelling of confined cell migration across constricted-
curved micro-channels. Molecular and Cellular Biomechanics: MCB, 11(3):185-208.
66, 75

Allena, R. and Aubry, D. (2012a). A purely mechanical model to explore amoeboid
cell migration. Computer Methods in Biomechanics and Biomedical Engineering,
15(supl):14-16. 66

Allena, R. and Aubry, D. (2012b). 'Run-and-tumble’ or 'look-and-run’? A mechanical
model to explore the behavior of a migrating amoeboid cell. Journal of Theoretical
Biology, 306:15-31. 66

Allena, R., Aubry, D., and Sharpe, J. (2013). On the Mechanical Interplay Between Intra-

83



BIBLIOGRAPHY

and Inter-Synchronization During Collective Cell Migration: A Numerical Investiga-
tion. Bulletin of Mathematical Biology, 75(12):2575-2599. 66

Arroyo, M. and Trepat, X. (2017). Hydraulic fracturing in cells and tissues: fracking
meets cell biology. Current Opinion in Cell Biology, 44(Supplement C):1-6. 63

Astrém, K. J. and Canudas de Wit, C. (2008). Revisiting the LuGre friction model. IEEE
Control Systems Magazine, 28(6):101-114. 72

Aubry, D., Thiam, H., Piel, M., and Allena, R. (2014). A computational mechanics ap-
proach to assess the link between cell morphology and forces during confined mi-
gration. Biomechanics and Modeling in Mechanobiology, 14(1):143-157. 66, 67, 75,
83

Bear, J. and Bachmat, Y. (1990). Introduction to Modeling of Transport Phenomena in
Porous Media. Springer Netherlands, Dordrecht. DOI: 10.1007/978-94-009-1926-6.
68

Cao, X, Moeendarbary, E., Isermann, P, Davidson, P. M., Wang, X., Chen, M. B., Burkart,
A. K, Lammerding, J., Kamm, R. D., and Shenoy, V. B. (2016). A Chemomechanical
Model for Nuclear Morphology and Stresses during Cell Transendothelial Migration.
Biophysical Journal, 111(7):1541-1552. 65, 83

Charras, G. and Paluch, E. (2008). Blebs lead the way: how to migrate without lamel-
lipodia. Nature reviews Molecular cell biology, 9(9):730-736. 61, 63, 64, 73, 75, 78,
154

Chhabra, E. S. and Higgs, H. N. (2007). The many faces of actin: matching assembly
factors with cellular structures. Nature Cell Biology, 9(10):1110-1121. 61

Cooper, G. M. (2000). The Cell. Sinauer Associates, 2nd edition. 63
Coulomb, C. A. (1821). Théorie des machines simples (Nouv. Ed.). Bachelier, Paris. 71

Coussy, O. (1995). Mechanics of porous continua. Wiley, Chichester; New York. OCLC:
32390496. 68

Cowin, S. C. (1999). Bone poroelasticity. Journal of Biomechanics, 32(3):217-238. 65

Cramer, Siebert, M., and Mitchison, T. J. (1997). Identification of novel graded polarity
actin filament bundles in locomoting heart fibroblasts: implications for the genera-
tion of motile force. J Cell Biol, 136(6). 62

84



BIBLIOGRAPHY

Deshpande, V. S., Mrksich, M., McMeeking, R. M., and Evans, A. G. (2008). A bio-
mechanical model for coupling cell contractility with focal adhesion formation.
Journal of the Mechanics and Physics of Solids, 56(4):1484-1510. 83

Deveraux, S., Allena, R., and Aubry, D. (2017). A numerical model suggests the inter-
play between nuclear plasticity and stiffness during a perfusion assay. Journal of
Theoretical Biology, 435:62-77. 65, 66, 75, 83

Friedl, P. (2004). Prespecification and plasticity: shifting mechanisms of cell migration.
Current Opinion in Cell Biology, 16(1):14-23. 61, 83

Garcia, P. D., Guerrero, C. R., and Garcia, R. (2017). Time-resolved nanomechanics of a
single cell under the depolymerization of the cytoskeleton. Nanoscale, 9(33):12051-
12059. 66

Gebala, V,, Collins, R., Geudens, 1., Phng, L.-K., and Gerhardt, H. (2016). Blood flow
drives lumen formation by inverse membrane blebbing during angiogenesis in vivo.
Nature Cell Biology, 18(4):443-450. 83

Ghosh, S., Ozcelikkale, A., Dutton, J. C., and Han, B. (2016). Role of intracellular poro-
elasticity on freezing-induced deformation of cells in engineered tissues. Journal of
The Royal Society Interface, 13(123):20160480. 65

Guilak, E, Haider, M. A., Setton, L. A., Laursen, T. A., and Baaijens, E P. T. (2006). Multi-
phasic models of cell mechanics. In Mofrad, M. R. K. and Kamm, R. D, editors, Cy-
toskeletal Mechanics, pages 84-102. Cambridge University Press, Cambridge. DOI:
10.1017/CB0O9780511607318.006. 74

Hawkins, R. J., Piel, M., Faure-Andre, G., Lennon-Dumenil, A. M., Joanny, J. E, Prost,
J., and Voituriez, R. (2009). Pushing off the Walls: A Mechanism of Cell Motility in
Confinement. Physical Review Letters, 102(5):058103. 65

Henrichsen, J. (1972). Bacterial surface translocation: a survey and a classification.
Bacteriological Reviews, 36(4):478-503. 61

Hu, J., Jafari, S., Han, Y., Grodzinsky, A. J., Cai, S., and Guo, M. (2017). Size- and speed-
dependent mechanical behavior in living mammalian cytoplasm. Proceedings of the
National Academy of Sciences, 114(36):9529-9534. 66

Ibo, M., Srivastava, V., Robinson, D. N., and Gagnon, Z. R. (2016). Cell Blebbing in
Confined Microfluidic Environments. PloS One, 11(10):e0163866. 61, 77

85



BIBLIOGRAPHY

Kappe, S. H. L., Buscaglia, C. A., Bergman, L. W., Coppens, 1., and Nussenzweig, V.
(2004). Apicomplexan gliding motility and host cell invasion: overhauling the motor
model. Trends in Parasitology, 20(1):13-16. 61

Karcher, H., Lammerding, J., Huang, H., Lee, R. T.,, Kamm, R. D., and Kaazempur-
Mofrad, M. R. (2003). A Three-Dimensional Viscoelastic Model for Cell Deformation
with Experimental Verification. Biophysical Journal, 85(5):3336-3349. 65

Kuznetsova, T. G., Starodubtseva, M. N., Yegorenkov, N. L., Chizhik, S. A., and Zhdanov,
R. I. (2007). Atomic force microscopy probing of cell elasticity. Micron, 38(8):824—
833. 74

Lim, E Y., Koon, Y. L., and Chiam, K.-H. (2013). A computational model of amoeboid
cell migration. Computer Methods in Biomechanics and Biomedical Engineering,
16(10):1085-1095. 66

Liu, Y.-J., Le Berre, M., Lautenschlaeger, E, Maiuri, P, Callan-Jones, A., Heuzé, M.,
Takaki, T., Voituriez, R., and Piel, M. (2015). Confinement and Low Adhesion In-
duce Fast Amoeboid Migration of Slow Mesenchymal Cells. Cell, 160(4):659-672. 61,
77

Lorentzen, A., Bamber, J., Sadok, A., Elson-Schwab, 1., and Marshall, C. J. (2011). An
ezrin-rich, rigid uropod-like structure directs movement of amoeboid blebbing cells.
Journal of Cell Science, 124(8):1256-1267. 63, 67

Lammermann, T., Bader, B. L., Monkley, S. J., Worbs, T., Wedlich-Sdldner, R., Hirsch, K.,
Keller, M., Farster, R., Critchley, D. R., Féssler, R., and Sixt, M. (2008). Rapid leukocyte
migration by integrin-independent flowing and squeezing. Nature, 453(7191):51-55.
62, 63

Malawista, S. E., de Boisfleury Chevance, A., and Boxer, L. A. (2000). Random locomo-
tion and chemotaxis of human blood polymorphonuclear leukocytes from a patient
with Leukocyte Adhesion Deficiency-1: Normal displacement in close quarters via
chimneying. Cell Motility and the Cytoskeleton, 46(3):183-189. 62

Maugis, B., Brugués, J., Nassoy, P, Guillen, N., Sens, P, and Amblard, E (2010). Dy-
namic instability of the intracellular pressure drives bleb-based motility. J Cell Sci,
123(22):3884-3892. 62

Moeendarbary, E., Valon, L., Fritzsche, M., Harris, A. R., Moulding, D. A., Thrasher, A.].,
Stride, E., Mahadevan, L., and Charras, G. T. (2013). The cytoplasm of living cells
behaves as a poroelastic material. Nature Materials, 12(3):253-261. 66

86



BIBLIOGRAPHY

Mogilner, A. and Manhart, A. (2018). Intracellular Fluid Mechanics: Coupling Cytoplas-
mic Flow with Active Cytoskeletal Gel. Annual Review of Fluid Mechanics, 50(1):347—
370. 62

Mollaeian, K., Liu, Y., Bi, S., and Ren, J. (2018). Atomic force microscopy study re-
vealed velocity-dependence and nonlinearity of nanoscale poroelasticity of eukary-
otic cells. Journal of the Mechanical Behavior of Biomedical Materials, 78:65-73. 66

Moure, A. and Gomez, H. (2017). Phase-field model of cellular migration: Three-
dimensional simulations in fibrous networks. Computer Methods in Applied Me-
chanics and Engineering, 320:162-197. 83

Murata, K., Mitsuoka, K., Hirai, T., Walz, T., Agre, P, Heymann, J. B., Engel, A., and Fu-
jiyoshi, Y. (2000). Structural determinants of water permeation through aquaporin-
1. Nature, 407(6804):599-605. 71

Paluch, E. K. and Raz, E. (2013). The role and regulation of blebs in cell migration.
Current Opinion in Cell Biology, 25(5):582-590. 61

Pan, Z., Yan, C., Peng, R., Zhao, Y., He, Y., and Ding, J. (2012). Control of cell nucleus
shapes via micropillar patterns. Biomaterials, 33(6):1730-1735. 68

Pena, A., Bolton, M. D., and Pickard, J. D. (1998). Cellular poroelasticity: A theoretical
model for soft tissue mechanics. In Proceedings of the Biot Conference on Porome-
chanics, pages 475-480, Netherlands. A.A. Balkema. 65

Petrie, R. J., Koo, H., and Yamada, K. M. (2014). Generation of compartmentalized pres-
sure by a nuclear piston governs cell motility in a 3d matrix. Science, 345(6200):1062—
1065. 62, 83

Pfeiffer, E (2008). Mechanical system dynamics. Berlin Springer. 71

Sahai, E. and Marshall, C. J. (2003). Differing modes of tumour cell invasion have dis-
tinct requirements for Rho/ROCK signalling and extracellular proteolysis. Nature
Cell Biology, 5(8):711-719. 61, 83

Silflow, C. D. and Lefebvre, P. A. (2001). Assembly and Motility of Eukaryotic Cilia and
Flagella. Lessons from Chlamydomonas reinhardtii. Plant Physiology, 127(4):1500—
1507. 61

Stroka, K. M., Jiang, H., Chen, S.-H., Tong, Z., Wirtz, D., Sun, S. X., and Konstantopou-
los, K. (2014). Water Permeation Drives Tumor Cell Migration in Confined Microen-
vironments. Cell, 157(3):611-623. 62

87



BIBLIOGRAPHY

Strychalski, W., Copos, C. A., Lewis, O. L., and Guy, R. D. (2015). A poroelastic im-
mersed boundary method with applications to cell biology. Journal of Computa-
tional Physics, 282(Supplement C):77-97. 65, 66, 67

Taber, L., Shi, Y., Yang, L., and Bayly, P. (2011). A poroelastic model for cell crawling in-
cluding mechanical coupling between cytoskeletal contraction and actin polymer-
ization. Journal of mechanics of materials and structures, 6(1-4):569-589. 65, 66, 67,
75

Terzaghi, K. (1936). A fundamental fallacy in Earth pressure computations. Boston

Society Civil Engineers Journal. 67

Thiriet, M. (2007). Biology and Mechanics of Blood Flows: Part II: Mechanics and Medi-

cal Aspects. Springer Science and Business Media. 65

Vale, R. D. and Milligan, R. A. (2000). The Way Things Move: Looking Under the Hood
of Molecular Motor Proteins. Science, 288(5463):88-95. 62

Van Haastert, P. J. M. (2011). Amoeboid Cells Use Protrusions for Walking, Gliding and
Swimming. PLoS ONE, 6(11):e27532. 61

Vuong, A.-T., Rauch, A. D., and Wall, W. A. (2017). A biochemo-mechano coupled,
computational model combining membrane transport and pericellular proteolysis
in tissue mechanics. Proceedings of the Royal Society A: Mathematical, Physical and
Engineering Science, 473(2199):20160812. 65

Wang, L., Dong, J., and Xian, C. J. (2018). Computational Investigation on the Biome-
chanical Responses of the Osteocytes to the Compressive Stimulus: A Poroelastic
Model. BioMed Research International. 66

Wei, E, Lan, E, Liu, B., Liu, L., and Li, G. (2016). Poroelasticity of cell nuclei re-
vealed through atomic force microscopy characterization. Applied Physics Letters,
109(21):213701. 66

Wolf, K., Mazo, 1., Leung, H., Engelke, K., von Andrian, U. H., Deryugina, E. 1., Strongin,
A. Y., Brocker, E.-B., and Friedl, P. (2003). Compensation mechanism in tumor cell
migration. The Journal of Cell Biology, 160(2):267-277. 61

Woolley, T. E., Gaffney, E. A., and Goriely, A. (2017). Random blebbing motion: A simple
model linking cell structural properties to migration characteristics. Physical Review
E, 96(1). 66

Yip, A. K., Chiam, K.-H., and Matsudaira, P. (2015). Traction stress analysis and model-

ing reveal that amoeboid migration in confined spaces is accompanied by expansive

88



BIBLIOGRAPHY

forces and requires the structural integrity of the membrane-cortex interactions. In-
tegrative Biology: Quantitative Biosciences from Nano to Macro. 77

Zhou, E. H., Martinez, E D., and Fredberg, J.J. (2013). Cell Rheology. Nature materials,
12(3). 63

Zienkiewicz, O. C. (1999). Computational geomechanics with special reference to earth-
quake engineering. Wiley, Chichester; New York. OCLC: 39313440. 67

89



BIBLIOGRAPHY

90



Chapter III

Cell spreading on a micro-pillared
substrate

Contents

IL1L Introduction . . . . .. o0t i ittt it i ittt ittt ennneas 61
I1.1.1 The importance of interstitial fluid flowincells . ... ... ... 62
I1.1.2 Contractility of the acto-myosin network . . . . .. .. ... ... 62
II1.1.3 Bleb-based chimneying migration . . . ... ............ 63
I.1.4 Poroelasticityinbiology . . . . ... ... ... ... ... .. ... 65
I1.1.5 Theproposedmodel . . .. ... .. ... .. .. .......... 66

II.2 Theporoelasticmodel ... .........c0t ittt eeeens 66
I1.2.1 Global equations ofthemodel . ... ................ 66
I1.2.2 ReductiontoalDproblem ...................... 70
11.2.3 The Coulomb’s frictionlaw . . ... ... ... ........... 71
[I.24 Activestrain . . .. ... ... ..., 73
11.2.5 Blebbingand Youngsmodulus . . . . ... ... .......... 74

IL3 Results . . .. 0o vt ittt ittt ii i ti it tenennnneas 74
11.3.1 A successful synchronization and the cell migrates . . . ... .. 75

a Poroelasticity enables cell blebbing . . . ... ... ... 76

b The fine action of the frictionforce . .. ... ... ... 77

I1.3.2 Sensibilitystudy. . . . ... ... ... .. .. 78

a The conditions for a successful synchronization . ... 79

b Sensitivity of the other parameters .. ... ... .. .. 81

I1.4 DiscussionandConclusion . ............. ... 82
Bibliography . . . . .« v i i ittt it it i i e e 83

91



CHAPTER III. CELL SPREADING ON A MICRO-PILLARED SUBSTRATE

III.1 Introduction

Throughout their lifetime, cells are in perpetual interaction with their environment. In
order to survive, they constantly need to adapt to the various stimuli they encounter.
Among these, cells are sensitive to mechanical cues to which they can react by alter-
ing their morphology and physiology [Benjamin and Hillen, 2003; Mammoto and In-
gber, 2010; Versaevel et al., 2012; Swift et al., 2013]. As seen in Chapter I, cancerous
cells can alter the mechanical properties of the nucleus to pass through tight gaps and
create metastasis at a distant location from the primary tumour. As such, the evolu-
tion of nuclear morphology can be used as a biomarker in the diagnosis and prognosis
of cancer patients [Schirmer and Heras, 2014; Ermis et al., 2016]. In order to char-
acterize these cells and examine their behaviour in confined environments, the last
decades have seen the fast development of patterned micro-fluidic devices [Lu et al.,
2004; Rosenbluth et al., 2008; Hou et al., 2009; Davidson et al., 2009; Polacheck et al.,
2011; Gossett et al., 2012; Isermann et al., 2012; Davidson et al., 2015]. Indeed, con-
trarily to intrusive devices like in AFM, micro-patterning allows to design a system in
which we can observe the evolution of the cell morphology in a mechanically challeng-
ing environment without external disturbance. Among the vast possibilities offered by
micro-fabrication, we focus here on topology-oriented devices, and more specifically

on micro-pillared substrates.

III.1.1 Micro-pillared substrates and cell nucleus mechanics

Micro-pillars are most commonly used as an array of thin beams in traction force mi-
croscopy to access the interaction forces between a cell and its substrate [Style et al.,
2014; Ghibaudo et al., 2011]. However, by controlling the material used, the size of
the pillars, and the gap size between pillars, they can serve to control the shape of the
nucleus [Pan et al., 2012; Hanson et al., 2015] and investigate the processes of nuclear
self-deformation [Davidson et al., 2010; Badique et al., 2013; Eichhorn et al., 2015; Er-
mis et al., 2016] (see Fig. III.1). These recent experiments offer a new insight on nuclear
deformation and raise further questions: Is gravity driving this movement [Pan et al.,
2012] ? Is the nucleus being pulled or pushed [Davidson et al., 2010; Badique et al.,
2013; Hanson et al.,, 2015] ? During these essays, suspended cells are seeded on the
substrate on which they later deform. The first step to any migratory event in cells is
its spreading and adhesion on the underlying substrate. It is then necessary to have a
closer look at the mechanisms behind the process of cell spreading before going any
further.
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Figure III.1: Example of micro-fabricated PDMS micro-pillars array [Badique et al., 2013].

III.1.2 Cell spreading on a flat substrate

From a suspended to a crawling state, the cell first comes into contact with the sub-
strate, then spreads on it and eventually polarizes —i.e. looses its symmetry — to start
crawling [McGrath, 2007] (see Fig. I11.2). The process of cell spreading can be divided
in two different phases: an early and a late one [Cuvelier et al., 2007; Dobereiner et al.,
2004].

Passive events Active events

Contact Early spreading Late spreading Crawling

Current Biology

Figure II1.2: Steps from a suspended to a crawling cell [McGrath, 2007].

The early phase is completely passive: under the action of gravity only, the cell
settles on the substrate and deforms depending on its rigidity. On the opposite, the
late spreading phase is an active one. There is a cyclic occurrence of micron-sized
lamellipodia formation through actin polymerization, and cytoskeleton contraction
through acto-myosin based stress fibers linked to focal adhesions. It is the combina-
tion on both actin polymerization and myosin contraction that govern this late phase
[Cai et al., 2006; Wakatsuki, 2003]. The late spreading phase can itself be decomposed
in two steps [Keren, 2011; Gauthier et al., 2011]: a fast active spreading where the cell
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surface area is increased by membrane recruitment from a reservoir of folded regions,
and a slower one in which additional membrane is recruited through exocytosis of in-
ternal membranes.

I11.1.3 Cell-Matrix adhesions are the mechanical anchors of the cell

Except in the specific case of chimneying, the keys to a successful spreading or migra-
tion are focal adhesions. Focal adhesions (FAs) create a mechanical link between intra-
cellular actin bundles and the surrounding extra-cellular matrix or substrate [Aber-
crombie et al., 1970]. They are transmembrane multi-protein structures that anchor
the cell membrane to the substrate and provide a scaffold for the cell. Besides, they
are involved in signalling cascades [Schoenwaelder and Burridge, 1999] and are more
generally described as the mechanosensory machines of the cell [Geiger and Yamada,
2011; Jansen et al., 2017]. Their formation and functions fall into five steps: initia-
tion, clustering, growth, maturation and disassembly. Although there are other types
of adhesions, we focus here on integrin-mediated ones. When integrins (cell-surface
adhesion receptors) bind to extra-cellular matrix proteins like fibronectin, they initiate
a series of signaling events that lead to contraction of the actin-myosin cytoskeleton,
the so-called stress fibers, inside the cell. This cytoskeleton contraction then leads to
clustering of integrins at the membrane [Partridge and Marcantonio, 2006] and the
transmission of forces enables FAs growth and maturation [Roca-Cusachs et al., 2013].
The stress fibers are attached at one end, or even both ends, to FAs. Under constant
tension from their contractile activity, these fibers form a major structuring element of
the cell as they support its shape [Svitkina, 2018].

From focal adhesions to motion

Once they are formed, FAs have an essential role as anchoring points that restrain
membrane contraction and promote protrusion at the leading edge by regulating actin
assembly [Morgan et al., 2007; Geiger et al., 2009]. We can list here two interdependent
methods that cooperate to generate a propulsive force at the leading edge. First, FAs
help resist actin retrograde flow and thus indirectly boost the force produced by lamel-
lipodial actin polymerization [Alexandrova et al., 2008]. Second, the myosin pulling
forces are converted, through FAs, into traction forces against the substrate, hence
pulling the cell body forward [Parsons et al., 2010] (see Fig. II1.3).
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Figure II1.3: Illustration of the engagement of the "molecular clutch" when actin filaments
connect to integrins to build focal adhesions. Membrane protrusion is encour-
aged thanks to the resistance provided by FAs against retrograde flow. Besides,
myosin-mediated contractile forces are converted to traction forces by the FAs. As
the focal adhesions mature, the connection to actin is reinforced and the clutch
becomes fully engaged. Image from MBInfo

III.1.4 Existing models of cell spreading on a flat substrate

Cell spreading and adhesion are complex and fascinating phenomena that are a pre-
requisite for many biological processes, such as cell migration. They are however not
completely understood, and in that respect, offer a great field of investigation for mod-
eling. The existing literature focuses on cell spreading on flat substrates. Different sorts
of modeling and computational strategies have been developed. The early literature is
thoroughly reviewed in [Loosli et al., 2010] and we will focus here on the more recent
models. The models can be divided in three main families : analytical, discrete and

continuum models.
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a Analytical models

Analytical models are a powerful tool to tackle the overall spreading dynamics in var-
ious conditions as they do not require extensive computational implementation. On
the other hand, they present a strong limitation since they only give global information
about the modeled process but cannot provide local ones. The first models aimed at a
better comprehension of the dynamics of the cell-substrate adhesion process. Math-
ematical models were used to describe the evolution of the contact surface [Cuvelier
et al.,, 2007] and to investigate the influence of ligand density gradient on cell spread-
ing kinematics [Sarvestani and Jabbari, 2008]. In later works, the models grew more
compleyx, taking into account active forces from the acto-myosin network such as actin
polymerization, kinetics and retrograde flow [Nisenholz et al., 2014] or mechanotrans-
duction feedback from nucleus down to the focal adhesion sites [Cao et al., 2015].

b Discrete models

Discrete models offer a completely different perspective. Indeed, these models are
mostly used to represent discrete filaments of the cell’s cytoskeleton and to study their
evolution and the way they transmit forces. Contrarily to previously cited models,
they do not focus on the adhesion process but rather on the internal rearrangement.
Tensegrity models, that treat cells as a tensed cytoskeleton network (see Fig. I11.4), ap-
pear particularly relevant as they can help bridge the gap from molecular processes to
mechanical forces [Ingber, 2003].

Figure II1.4: Tensegrity model of a nucleated cell from a spread state (left) to a detached one
(right). The cell model is composed of large beams representing microtubules and
thin elastic cords representing microfilaments and intermediate filaments, which
carry the tensional forces. Modified from [Ingber, 2003]

In the context of cell spreading, tensegrity has been coupled with divided-media
theory to describe the forming of microtubules cytoskeleton from the centrosomes
[Maurin et al., 2008]. This coupled approach, also known as the Cytoskeleton Divided
Medium (CDM) model was taken further to investigate mechanotransduction during
cell spreading with just one type of tensile filaments [Milan et al., 2013]. Recently, a
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very complete model accounting for actin filament, intermediate filaments and micro-
tubules was proposed allowing to probe local mechanical properties at the sub-cellular
level at any time during the adhesion process [IFang and Lai, 2016] and the influence of

substrate’s curvature was tackled [Vassaux and Milan, 2017].

¢ Continuum models

Continuum models are the most numerous ones. They offer another way of present-
ing the cell in 2D or 3D, compared to tensegrity. Indeed, the cell is now considered
as a continuum mechanical solid or fluid material in which no organelle is physically
represented, with the exception of the nucleus in certain cases. Such models are highly
relevant since they account for constant mechanical interactions between all points
of the model and provide local as well as global data. They can become even more
powerful tools when coupled with additional analytical models [Cao et al., 2015; Roux
et al.,, 2016]. Some studies focus on the first step of the spreading mechanism, mod-
eling receptor-ligand binding, which can only lead to a limited deformation of the cell
[Liu et al., 2007; Golestaneh and Nadler, 2016], although the use of membrane reser-
voirs can influence its extent [Etienne and Duperray, 2011]. Another method consists
in modeling spreading mechanism through a unique force accounting both for ligand-
receptor binding and for active acto-myosin cytoskeleton tension forces [Zeng and Li,
2011]. It can be used to study more specifically the dynamics of the nucleus during
cell spreading [Li et al., 2015]. One work stands out though as it proposes a two-step
model [Fan and Li, 2015]: the first spreading step is purely mechanical while, during
the second on, actin comes in action at the moving contact line to help the cell spread

further.

d Towards models of cell spreading on a structured substrate

While the influence of substrate micro-patterning on cell spreading has been studied
and modeled [Albert and Schwarz, 2014], no model has explored the influence of sub-
strate topography on cell spreading for now. As seen in Sec. III.1.1, many questions on
the mechanism of cell spreading and nuclear re-positioning on micro-pillars have yet
to be answered. A first attempt was made in [Hanson et al., 2015] to answer the ques-
tion "Is the nucleus being pulled on pushed in pillars grooves ?". The cell is described as
a purely elastic square material with a square nucleus within, and the pulling or push-
ing forces are applied as pressures either on the bottom or on the top of the nucleus,
respectively. Although the experimental study is extremely interesting, the model is
quite rudimentary but certainly offers preliminary results that are an interesting first

taste of what a more complex model could unveil.
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III.1.5 Modeling steps for cell spreading on micropillars

We present and explain here the main blocks of our model without getting into the
equations yet. These will be further developed in Sec. I11.2.4. We choose to use a
continuum approach discretized by finite elements, in the continuation of previous
work [Allena and Aubry, 2012; Aubry et al., 2014; Deveraux et al., 2017], to model the
spreading of a cell and its nucleus mechanics over a substrate structured with micro-
pillars. We represent an initially semi-circular suspended 2D cell with its nucleus by
a visco-hyperelastic model and consider a condition of symmetry. The cells follows a
four step process during which various forces and active strains come into action: the
three phases of spreading and an active contractile step. Contrary to the other forces
or active strains, the gravitational and contact forces are activated all along the process

and are not time-dependent.

1. Gravity: the first step is a passive one in which the cell settles on the pillars under

the sheer action of gravity.

2. Repulsive contact force: As the cell gets in contact with the substrate, it is sub-
mitted to a repulsive force from the latter. The contact is modeled, as in Chapter
I, by a nonlinear spring along the penetration depth of the cell in the substrate.

3. Adhesive spreading: during the third step, the adhesive spreading force comes
into action on the portions of the substrate coated with ECM proteins such as
fibronectin. As in other works [Zeng and Li, 2011; Fang and Lai, 2016; Fan and
Li, 2015], we do not get into the molecular details of spreading, but design a sin-
gle force accounting for both actin polymerization and formation of adhesion
complexes. This non-linear force, attracting the cell towards the substrate, is the
novelty of this model. Inspired by the work of [Sauer, 2016], we consider an over-
layer surrounding the substrate, in which the spreading force will act on the cell’s
membrane. Our model only considers the case of a homogeneous fibronectin

distribution over the substrate and thus a continuous overlayer.

4. Active strain: the last step is the one during which we can test the main ques-
tion: "Is the nucleus being pushed or pulled down ?". Indeed, intense contractile
actin fibers have been observed at two locations in the cell: above the nucleus
and around the pillars beneath the nucleus [Davidson et al., 2015; Hanson et al.,
2015; Ghibaudo et al., 2011]. The fibers above the nucleus form a dome-like actin
structure called the perinuclear actin cap (PAC) [Khatau et al., 2009]. This PAC
has three fixation points in the cell : it is anchored at both end to a specific type

of FAs and, in the middle, to the nuclear lamina via LINC complex [Maninova
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et al., 2017]. The PAC thus form a direct mechanosensing link from the extracel-
lular matrix to the nucleus [Kim et al., 2012] and has been found to be a regulator
of cell migration [Kim et al., 2014]. In the model we then define a contractile ca-
ble representing the PAC above the nucleus and a contractile radial zone below
the nucleus (See Fig. IIL.5).

Figure I11.5: "Push or pull" hypotheses: the cell nucleus is either pushed through the contrac-
tion of the perinuclear actin cap (in blue) or pulled by contractile fibers towards
the pillars (in gray).

Compared to previous chapters, this model presents the novelty of a large strain
Lagrangian approach that will be developed in Sec. II1.2. Besides, this is the first time
in this thesis that we introduce an adhesive spreading force since the gravity, contact
and active strains all have been treated in the previous chapters. Our model will first be
tested on a flat substrate to validate it without the influence of substrate topography.
Then, we will test it on a micro-pillared substrate to investigate the mechanism behind
nuclear deformation. Eventually, we will show that the gravity indeed plays no role in
nuclear deformation [Pan et al., 2012] (setup illustrated in Fig. I11.6).

L ew
s

Figure II1.6: Experimental process to test the influence of gravity on nuclear deformation dur-
ing cell spreading: (a) "Control" spreading process, (b) Upside down setup, re-
versed after the spreading process is complete. Modified from [Pan et al., 2012]
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I11.2 The model

In this section, we introduce the governing equations of the model. Compared to the
previous chapters, we address here directly the large strains of the cell through a La-
grangian approach. Indeed, we achieve extensive cell deformation that we previously
tackled through Arbitrary Lagrangian-Eulerian (ALE) method, but wanted to eventu-
ally propose a more rigorous approach. We first discuss the dynamics of our model,
then the constitutive laws describing the cell. Afterwards, we specify the implemen-
tation of active strain through gradient decomposition and the various forces applied
to our system. Eventually, we detail the weak form implementation of our equations,
which will lead directly to the discretized equations by the FE method.

III.2.1 Geometry and dynamics of the system

We consider the initial configuration of the cell ({2..;;) composed of a nucleus ({2,)
and a cytoplasm ({2;,). Besides, we geometrically define the cell membrane ({2,,). We
model only half the cell and use a symmetry boundary condition, described later on,
in order to decrease calculation times. To describe 2¢¢;;, {25, {2¢p and (2,,, we use
characteristic functions gc.;, n, §cp and gy, as described in the Appendix IIL.A. Then,
the global equilibrium of the system in the deformed configuration x can be written on
{2ce11 @S

Divk (o) +pxg+f, =pxa (II1.1)

where o, is the cell’s Cauchy stress, g the gravity field, f, the other volume forces
applied to the cell, p, the cell density defined later on and a the acceleration.

In the large deformation theory, we choose to write the equations in the initial con-
figuration rather than the current one since we do not precisely know the deformed
configuration. By the principle of mass conservation, the cell density follows the fol-

lowing relation

Pr
Je

where p, and p,, are the cell densities in the current (x) and reference (p) configura-

Py = (II1.2)

tion respectively. p, = 0, 8n(P) + Pcp&ep(P) With p,, and p.p, the densities of the nucleus
and cytoplasm, respectively . J. = Det(F;) with Det(:) the determinant operator and
F, the cell’s deformation gradient.

Then, classically, Eq. ITI.1 can be written in the initial configuration p as

Divy, (/.0 F; 1)+ ppg+ Jofy = ppa (I1.3)
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Besides, the second Piola-Kirchhoff stress tensor S, can be expressed as

Sc=J.F.la F,T (I11.4)

from which the Cauchy stress can be inversely found:

1
o.=—FS.F! (I1L.5)
Je

Then, Eq. II1.3 reads
Divy(E.Se) +ppg+ Jcfy = ppa (ITL.6)

Boundary conditions

Since we model half the cell, we use a symmetry boundary condition on the dis-
placement u(—p) = u(p) on the symmetry axis 92sy,. The boundary conditions of the
cell read

Uc(nx,c)dsx = fs,xdsx (IIL.7)

where ny . is the outward normal to the cell in the deformed configuration, dSx
its elementary surface and f; x is the surface forces applied to the cell in the deformed
configuration.

The only surface force applying to our system will be the contact force. It will be
expressed in further details in Sec. 111.2.4, but as a repulsive contact force directed by
the normal to the substrate calculated in the deformed configuration ny s, pssraze, it will
be of the form:

fs,dex = fcontact(X) ”nx,substratedsx (I11.8)

where ||f.onrac:X) | is the norm of the contact force that will be defined in Sec.
I11.2.4.

As we write the equilibrium in the initial configuration, we need to transport the
boundary condition in this frame. Working in the Lagragian framework, the normal
vectors are to be transported back from the deformed configuration x to the initial one
p using the cofactor. The normal and area transport is given by the Nanson formula
[Gurtin, 1982]:

nydSx=JF " (np)dSp (I11.9)

where ny is the normal vector to a surface 0 of elementary surface area dSx in

the deformed configuration and ny, is the normal vector to a surface 9f2, of elementary
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surface area dSp in the initial configuration.

Applying this to nx sypssrare, We have

Ny substrate@dSx = ]cF;T(np,substrate)dsp (II1.10)

Then, since o, = %CFCSCFCT, the three previous equations can we combined and sim-
plified as

FCSC(np,C)dSp = ”f(,‘(x) ”]CF;T(npysubstrate)dSp (III]. 1)

Or,

chc(npyc)dSp = fs,pdSp (III.].Z)

where f;, = [fconraciX) |l ]CF;T(npy substrate) 1S the surface force in the initial config-
uration.

We now have the equilibrium and the boundary conditions of the system in the
Lagrangian configuration. To implement a model, we need to work on the constitutive
laws describing the internal behaviour of the cell.

I11.2.2 Constitutive laws of the cell

We describe the cell as an overall visco-hyperelastic material composed of a solid and a
fluid part in parallel. Indeed, we can say that the cell is a composite of organelles, pro-
teins and various molecules surrounded by interstitial fluid. As such, we consider that
both the fluid and the solid parts have equal participation to the overall stress while
they undergo the same deformation. The elastic part is described as a Mooney-Rivlin
material, while the viscous part is described through a fluid formulation. The problem
of visco-elastic solids in the large deformations framework is an ongoing topic in ma-
terial science, but has not been tackled often in biological materials. The approach we
choose, equivalent to a generalized Maxwell model, has already been used to describe

the visco-elastic behaviour of spine ligaments [Jiang et al., 2015]. As such, we can write

SC:SS+Sf
FC:FS:Ff

(II1.13)

where the subscripts ¢, s and f respectively designate the cell, the solid and the
fluid part.
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A
o

\\-//'
Fq

Figure II1.7: Illustration of the material model and relationship between the configurations.

a The solid phase

When describing an elastic material in the large strain regime, a fundamental mathe-
matical requirement for its strain energy function ¥ to be admissible is to be polycon-
vex, i.e. convex with respect to the three invariants [Itskov and Aksel, 2004; Bonet et al.,
2015]. In the general case of an isotropic material for which we do not use any sub-
script, ¥ must be a function of the invariants of of the symmetric right Cauchy-Green
tensor C, I1, I» and Is :

U=W(,I,Is) (I11.14)

where the invariants are defined as follows [Holzapfel, 2000; Bonet and Wood, 1997]

L =Tr(C
L=det(C)TrC Y =|cof (B (IIL.15)
L=det(C)=J
with |co f (F)| the norm of the cofactor of F, defined as cof (F) = JF~ T aslong as F is
invertible.

Let us now see how the three invariants I, I and I3 can be linked to the variations

of length, surface and volume of the system, respectively.
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First invariant
The transport of a vector from the initial to the deformed configuration is done
through the deformation gradient tensor as dx = F(dp). Then, if we want to know the

elongation, we use the norm || dx|| as

x| = (dx, dx)
= (F(dp),F(dp)) (IIL.16)
= (C(dp), dp)
with (,) the dot product operator. If we choose the first direction dp = i;, then
| dx||? = C1;. Summing the result in all three directions, we get the sum of the square of
the elongations in all three directions.

Besides, the first invariant reads

3 3 dx 2
L=Tr(C)=) Ci=) (—) (IIL.17)
n=1 = dp i
where (Z—;) _describes the length variation with respect to the initial configuration
1

in the i-th direction.
I then describes the sum of the squared length variations of the system in the three

directions.

Second invariant

The second invariant reads I, = |[cof(F)|*> = Tr(cof (F)cof(F)T) since the norm of
a matrix A is defined by |A|? = Tr (AAT). As seen in Eq. IIL1.9, the normal vectors are
transported from the current to the initial configuration through the relationship

Taking the squared norm of both sides of this equation, we get:

dSs = (cof (F)(mp), cof (F)(np))dS;,

B T 5 (II1.19)
=(cof(F) " cof(F) (np),np)dSp

For all orientations ny, I then gives the maximum area deformation of the system.

Third invariant
The third invariant reads I = J? = (det(F))?. If we take an elementary volume d {2
in the deformed configuration and its corresponding volume in the initial configura-

tion d {2y, we can write
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d{x =det(F)dfl (II1.20)

I3 then describes the volume variations of the system. Consequently, the three in-
variants control the three limit situations in which a subdomain becomes very long or
thin, extended or flat and local reversing of the volume.

In models describing the cell as a solid continuum, three levels of constitutive laws
can be found:

1. Standard Saint-Venant meterials, depending on the first invariant only [Allena
and Aubry, 2012; Fan and Li, 2015]

2. Neo-Hookean materials, based on a dependency on the first and third invariants,
thus taking control of the volume variations [Jean et al., 2003; Mokbel et al., 2017]

3. Polyconvex Mooney-Rivlin materials, that control the surfaces evolution as well
[Zeng and Li, 2011; Wang et al., 2017].

In a biomaterial, there can be extensive deformations along lines, surfaces and
volumes. It is thus important to use a constitutive model which handles these three
aspects. Moreover, to get a mathematically stable model, we choose to implement a
Mooney-Rivlin material. Because of the extremely large deformations encountered in
the simulation, this model is able to prevent elements reversal thanks to the energy
depending on the volume invariant. The total energy Wj,r of an elastic Mooney-Rivlin
model can be written as

Wynr(C) =al;(C)+ f1(C) + [ (I3(C)) (1T1.21)

where a and S are positive material parameters, and /is a convex function of /. To
go from the strain energy to the second Piola-Kirchhoff tensor, we write, accordingly to

the classical thermodynamics equation of hyperelastic materials,

OWnr
S$=2 I11.22
C ( )
Thus, for our hyperelastic material, we obtain
S=2al+2B(LC ' - LCH)+I'(NHjC! (I11.23)

with I"'(J) the derivative of the function I"with respect to J. The Cayley-Hamilton

theorem allows use to write

C-LC*+LC-1=0 (I11.24)
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from which we can get C~2 and simplify Eq. T11.23:

S=2(a+pII-26C+I"'(HjC™ (I11.25)

As stated before, the function ['is a convex function with respect to J and must
be chosen to fulfill the condition of vanishing Piola-Kirchhoff II energy at the initial
configuration. We use the expression from [Fried and Johnson, 1988] where

A
I = %(ln(m2 —3aj?3-3pJ* (I11.26)
where Asp is a bulk modulus.

In this case, the strain energy function reads

M

Wyr=a(l; -313) + B, - 315"3) + %(ln(n)2 (I11.27)

The function w = %(l n(J))? is a dilatoric contribution representing the energy
stored in compression. The second Piola-Kirchhoff stress thus reads

S=2(a+BTrC)I-2BC+ Ayrln() —2aj?3 —4p743C! (I11.28)

In this configuration, we can easily verify that, in the initial configuration, S(0) =
0 since C(0) = I, Tr(C(0)) = 3 and J(0) = 1. Then, following [Bonet et al., 2015], the
material parameters «, f and Ap/r can be related to the classical Lamé parameters p,
and A, in linearized elasticity through
o+ ,5 = &

2 (I1.29)

2
AMR = Ae + g/le

We choose = 0.2% in order to solve this system, and ., and A, are the Lamé coef-
ficient of the cell, defined as

Ecv
T Utvo(-2vy)
— EC
T 2(14v)

e

(I11.30)
He

where E. and v, are the cell’s Young modulus and Poisson’s ratio, respectively.

As in previous works in various biomechanics fields [Rodriguez et al., 1994; Taber,
1995; Lubarda, 2004; Munoz et al., 2007; Goktepe et al., 2010; Golestaneh and Nadler,
2016; Deveraux et al., 2017], we model the cell active contractility (as represented in
Fig. II1.5) as an active strain through the decomposition of the deformation gradient

tensor F, as follows:
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F.=F,F, (111.31)

with F, and F, the elastic and active deformation gradient tensors, respectively.
Thus, F, = Fchl. Once we know F,, we can deduce C, and J,.

The total stress S from the solid part then reads

Ss=J.F,'S.F, T (I11.32)

Where S, is of the form described in Eq. I11.28 as:

Se=2(a+ BTr(Ce))I-2BCe + AprlnUe) —2aJ23 —apJi3 1 (I11.33)

The expression of the active deformation gradient tensor will be given in Sec. I11.2.4.

b The fluid phase

For our material to be visco-hyperelastic, we add a fluid stress as the second Piola-
Kirchhoff stress tensor S¢. We start with the classical Newtonian viscous fluid be-
haviour in the Eulerian configuration and the fluid Cauchy stress o f reads

af:)LfTr(Df)I+2ufo (II1.34)

where A r and u ¢ are the viscous Lamé coefficients, and D is the Eulerian cell’s rate
of deformation gradient defined as D¢ = %(va +Dyv’) with v the velocity.
To ensure compatibility with the solid description, we compute this expression

with respect to the Lagrangian coordinates in the reference configuration as:

Pr= %(DP" Byl +Fy Dpvl) = % (%F}l * F}Tdd_Ft;) (IT1.35)
AsCp= F}Ff, then
d; tf =Ff ddF; + d; f Fy (I1.36)
As a result,
Fy T%F}l =2Dy (I11.37)

As written in the previous section, and since F¢ = F., we can write

Sp=JcF. o F. " (I11.38)
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Then, by substituting the expressions of oy and Dy in the previous equation, we

obtain
JcA dc dc
Sp= cszr (F;T dthgl)cglﬂcufcgl dt“cgl (I11.39)
Yet, X
dc; dc
d; :—c;ld—;cgl (I11.40)

Hence, by commutativity of the trace operator, S can be written as

dc;!
dat

]c/lf
2

_,dC;__
Sp= Tr(Ccld—tC)Ccl —Jelis (I11.41)

III.2.3 Weak form implementation

We use a classic finite elements approximation to obtain the displacement field u by
developing a weak form for Eq. III.6. To do so, we multiply the whole equation by w
representing any kinematically admissible displacement test function and we integrate
it on {2c¢;;. These equations are written in the initial configuration (2;,, of surface

082ce11,p and elementary surface and volume d Sy, and d V.

Jo

Through algebraic manipulations, for any matrix A and vector a, we have

(Divp (FcSc), w)d Vy + f [(0pg+ ety — ppa,w)dVy=0 (I1.42)

cell,p cell,p

divy(AT (@) = (Divy(A),a) + Tr(A(Dpa) ") (I11.43)

Besides, the Stokes theorem states that, on a domain {2 with a boundary 0f? of out-

ward normal n,

divAT dV:f Al(a), dszf JAn)dS 111.44
fQ Iv(A® (a) 8(2( (a),n) aQ(a (n)) ( )

Plugging Eq. I11.44 in Eq. I11.43, it can be written as

fQ(Divp A),a)dV =- fQ Tr (A(Dpa)T)dV + f@g(a,A(n))dS (I11.45)

and applying this last equality to Eq. 111.42, with A=F_.S, and a=w, we obtain

Tr(F:Sc(Dpw) ) dV, + f (W, FSc(np 0))dSp

cell,p

Jo

(Divy (EcS), w)dVp = — f

cell,p cell,p

(I11.46)
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Hence, the weak form of the equilibrium equation reads

chell,p

+fQ [(opg+ Ity —ppa,w)]dVp =0

cell,p

cell,p

(I11.47)

In Eq. II1.47, the first integral represents the stresses inside the system, and the
third one directly represents the body forces applied to the cell. As demonstrated in
Eq. III.12, the second integral represents the boundary condition of our system: the

contact force. As such, we can write

_f(z

Tr(FSc(Dpw) ) dVp+ f (W, f5,p)dSp+ fQ [(0pg+]cfy—ppa,w)d V=0

cell,p
(I11.48)

cell,p cell,p

Numerical implementation in a finite elements software

As we implement our model, the contact force is not applied as a surface force but
as a body force. However, the amplitude of the repulsive contact force is chosen so that
the interpenetration depth between the cell and the substrate is small. Let us demon-
strate that, in such case, we can approximate the surface integral by a thick integral
that we write in volume.

In the vicinity of the contact boundary we can parametrize it as a shell. We can then

use a set of parameters linked to the curved plane, namely ¢, ¢, and ¢ as:

P(€1,62,0) =ps(C1,62) +{mp(S1,¢2) (I11.49)

where p(¢y,¢2,() is the position vector in the initial configuration, p;s corresponds
to the coordinates in the curved plane and ny, is the normal to such plane (see Fig.
I11.8).

Then, for a given function y(p) to be integrated on a volume Qp, we change vari-

ables as

fg Y(P)de=fQ YPE1,82,0)Je(61,€2,0)dé1dE2dl (I11.50)
p ¢

Yet, because of the definition of the unit normals and the chosen parametrization:

dp dp

Je=det(Fs)=det ,——,
¢ ‘ &)’ dé;’ P

d d d da
:(_PA_P,np):‘_P Aap
d¢y  dé

A I11.51)
ac, " s (

Then,
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Figure II1.8: Parametrization of the variables for a curved surface.

dé,dérdC (I11.52)

dV f ] ) ))‘_A_
f Y(p) Q{Y(p(fl $2,C s, ag,

If we suppose that the thickness of our overlapping volume is small, we can approx-
imate it by a constant b and write the integral as:

déidé,
¢=0 (I11.53)
dfldfz

bl2
dav, f df (P, ,0))' —
fgpy(p) p = ¢ v, dgl dfz

= bf Y(p(él;éZ:O))‘ d_fz

Besides, if we integrate the same function on the surface S, where { =0, we have

das ,62,0 — d d I11.54
f YP)dS, = f Y(PE1,62 ))‘dgtl aés e §1d¢S ( )
Plugging Eq.II1.54 in Eq.IT1.53, we obtain
f y(p)dV, = bf y(p)dS, (I11.55)
2, Sy
Thus, if we take y(p) =f; p, we can write
farz w,f5p)dSp :f w,fs,)dVp (I11.56)

cell,p cell,p

with f;_., = bf; , the volume average of the surface force over a thickness b which
can be interpreted as the penalization depth of the contact.

Eventually, the weak form of the equilibrium equation that we implement is
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Tr(Sc(DpwF ) dVp + f [(0pg+ sy + Jcfy — ppa,w)ldVp=0 (I157)

cell,p

_fQ

In order to solve this problem, we directly implement Eq. II1.57 in the finite ele-

cell,p

ments (FE) software COMSOL Multiphysics ©. The principle is to discretize this equa-
tion both in space and in time. The discretization in space is achieved through quad-
ratic functions over a mesh composed of nodes and elements. For the discretization in
time, we use a second order backwards differentiation formula (BDF). In order to com-

pute the solution, we use a highly nonlinear Newton method as our iterative algorithm.

III.2.4 Description of the modeled system and the forces in action

Through interactions with its environment, the cell is subject to forces in reactions to
these chemo-mechanical cues. We review here the steps of the process presented in
Sec. III.1.5 with a numerical point of view. The simulation is divided in four consec-
utive phases in which forces are applied progressively as smooth functions of time to
ensure numerical convergence (see Fig. I11.9 and Appendix II1.D). We choose two study
cases: the first one with a flat substrate, and the second one with a micro-pillared sub-

strate.

—Gravity Spreading Contraction

0,5

Amplitude

0 10 000 20000 30000 40 000 50 000 60 000

Time [s]
Figure II1.9: Graphical representation of the successive phases of the simulation. In blue hg (1),

in orange hpreqq(t) and in grey heon.(t) with their duration time Tg, Ts and T,
respectively.
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1. Gravity: First, the gravity p,g is applied and the cell settles on the pillars.

2. Repulsive contact force: As the cell comes in contact with the substrate, a repul-
sive force f;o;rqc: from the substrate gs,psirare (defined in Appendix I11.B) on the
cell comes into play.

3. Spreading: Then, the cell is attracted towards the substrate through the adhesive
spreading force fsp,cqq active in the overlayer gi4yer OF 8ground, flat,iayer for the
micro-pillared and the flat substrate, respectively, defined In Appendix III.B.

4. Contraction: Last, the contractile active strain, defined through F,, activates.
Depending on the chosen scenario, either the PAC, the bottom or both zones
contract. The active domains gpac and gporrom are defined in Appendix ITI.C.

a Gravity

The gravity is applied through a function hg(#) in a time T,. Then, we have

ppg=—pphg(t)gi, (I11.58)

with g the gravitational acceleration and i, the vertical direction vector.

b Repulsive contact force

This contact is modeled as a surface force, that is approximated to a body force. As in
Chapter I, the contact between the cell and the micro-structured substrate is modeled
through a normal repulsive force from the substrate. It behaves as non-linear spring
defined through the levelset of the cell intersecting with the one of the substrate. As
described in [Graveleau et al., 2015], the approach has the great advantage to define a
precise contact zone without mesh constraints.

When the cell is not in contact with the substrate, its boundaries are free, so the
norm of the contact force reads ||f;05rac:X) || = 0. When the cell is in contact with the

substrate, the norm of the surface contact force in the deformed configuration reads

Ifconract X = teontact&substrareX) (I11.59)

where licontact 1s the penalization coefficient and gsupsirare = 8pitlars + 8ground i @
characteristic function that varies non-linearly between 0 and 1 on a given interpen-
etration depth equal to 0.5 um (see Appendix III.B). This depth can be adjusted by
varying the scaling parameter of the regularized Heaviside function. In the case of a
flat substrate, we have gsupsrrate = 8ground,flat- Fig. 111.10 shows the interpenetration

area between the cell and the substrate during contact. We see here nicely that, the
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Figure II1.10: Interpenetration depth (in magenta) of the contact between the cell and the pil-
lars (black line) during the simulation

approximation of a surface force integral by a volume one (see Eq. I11.56) is reasonable
due to the narrowness of such volume.

¢ Adhesive spreading force

We choose to model cell spreading through a local attractive force f;preqq from the
pillars to the cell. Adhesion is a tricky problem to model in finite elements and different
strategies can be adopted [Sauer, 2016]. We create a layer surrounding the substrate,
where the adhesion process will take place (see Fig. II1.11 and Appendix ITI.B). The
spreading force is modeled as a volume force so, in Eq. 11148, f, =f;preqa-

Figure III.11: Illustration of the adhesive layer (yellow) over the substrate (gray) in the case of
the micro-pillared substrate.

The novelty of this model lies in the superposition of a repulsive contact force and
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an adhesive spreading one. Indeed, the cell needs to be attracted towards the substrate
but must not penetrate into the substrate. Thus, the substrate levelsets are used to
define the repulsive contact force, as defined in the previous paragraph, while a layer
surrounding the pillars and substrate is built (g;4yer OF €¢round, fiar,layer in the case of
the flat substrate), in which the spreading force will be activated. This force is radial to
the cell (see Fig. I11.12) and accounts for actin polymerization at the cell membrane, as
well as the formation of adhesion complexes between the cell and its environment. It
is defined in the cell membrane as

fspreud (P) = HUspread (p’ 1) 8m,layer (p +u) hspread ( t)]cF;Tnp,c (I11.60)

where Uspreqaq is the spreading coefficient, and np ¢ is the outward normal to the
cell is the initial configuration. This normal is computed at the cell boundary, but it is
easily extended inside the cell membrane through the gradient of the membrane lev-
elset function gi;. gm,iayer = §layer N §m for the micro-pillared substrate, and gy, 1ayer =
8ground,flat,layer N §m for the flat substrate. Eventually, A eqq is the time-dependent
function that regulates the dynamics of the spreading force (see Fig. II.9).

Figure IIL.12: Illustration image of fs,.qq (blue arrows), directed radially, thus effectively
spreading the cell over the substrate and creating an adhesion.

By recruitment of scaffolding and signaling components, focal adhesions maturate
and thus get stronger with time [Geiger et al., 2009]. The spreading coefficient is gov-
erned by a partial differential equation (PDE) so it will start increasing only when the
membrane penetrates the adhesive layer and reach a plateau when it attains a maxi-
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mum value. This is done to describe the maturation of FAs. The governing equation
then reads:

a,usprecm,’ p+u) 3 Uspread,08layer(P+ 1) if Uspread < Uspread,max

(I11.61)
ot 0 otherwise

where vspreaq,o is the maturation velocity and ispread, max is the maximum value of
Uspread allowed, reached when the adhesions are in their mature state.

d Active deformation

The active mechanism of cell spreading on a micro-structured substrate is not well
understood. As such, different hypotheses can be made and could be tested on our
model. An actin cap has been observed above the nucleus, as well as concentration of
actin around the pillars where the cell is adhered. We thus model two regions where
active strains occur : the PAC gpac above the nucleus, and a radial portion of the cy-
toplasm gpo¢r0m Which will be in contact with the substrate after spreading (see Fig.
[11.13). Both areas are defined in Appendix III.C.

PAC

Figure II1.13: Illustration of the active zones in the cell with the PAC in blue and the bottom
zone checkered in green.

Then, the active strain tensor F, is expressed as

Fa =1+ l~'761,PAC + Fa,bottom (I11.62)
with
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Fopac=gpacepac(t)] 3 F, Tit,PAC ®F, Tit,PAC
(I11.63)

Fobottom = gbonomebonom(t)]fF;Tnp,c ®F, Tnpyc
i; pac labels the tangent to the PAC in the initial configuration. The time-dependent
functions epac(f) and eporrom (£) drive the active deformation through regularized Hea-
viside functions / with a carefully chosen regularization step. In our model, we choose
to incorporate actin polymerization in the spreading force. The active strain is then
purely contractile.

epac(t) =epac,ohcont (1)
(II1.64)

eportom(t) = €bortom,0 heont(2)
where t is the time, epac,o and eporom,0 are the amplitudes and £, (2) is the time
function regulating the active contraction (further developed in Sec. I11.2.4).

To sum up, we model half a cell as a visco-hyperelastic solid composed of the nu-
cleus and the cytoplasm. The simulation is a four-step process. First, the cell falls
towards the substrate under the action of gravity. Second, as it comes into contact with
the obstacle, the interpenetration is limited through a repulsive contact force. Third,
the cell spreads on the substrate under the action of a radial adhesive force. Eventually,
the active region(s) start contracting, thus deforming the nucleus. The following sec-
tion presents the numerical results of this study that have been submitted to Physical
Biology.

III.3 Numerical application and results

We implement our model in the finite elements software COMSOL Multiphysics ©. To
begin with, we simulate the spreading of the cell on a flat substrate before going to the
one with pillars. On the pillars, we first study the action of both contractile regions on
the final nuclear deformation to unveil the underlying mechanism. Then, we test the

influence of the gravitational force by putting our system upside down after spreading.

III.3.1 Cell geometry

The cell (£2.;;) is considered circular in its original suspended state with a radius 7.;; =
10um. The model chosen here mechanically accounts for a circular nucleus ({2,,) of ra-
dius r, =5um and a cytoplasm ({2.5). Besides, we geometrically define the cell mem-
brane ({2,,) of thickness e;, =250nm (see Fig. 111.14 a). To describe (2c.;;, {24, {2¢p and
{2m, we use characteristic functions gce1), gn, 8cp and g, as described in the Appendix
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[TI.A. We only model half the cell and use a symmetry boundary condition. Two active
zones are defined through the characteristic function gpac and gpotrom (see Appendix
I11.C): one above the nucleus for the PAC and the other bellow it (see Fig. I11.14 b).

Figure ITI1.14: Geometry of the cell in the initial condition of the system. (a) The cell’s mem-
brane in represented in light green, its cytosol in orange and the nucleus in dark
red. (b) The active deformations zones are drawn in blue with the PAC forming a
dome-like cable above the nucleus and the radial zone below the nucleus.

The nucleus and the cytoplasm have their own Young’s modulus that are defined in

the right regions through their characteristic functions as follows

Ec=Engn+Ecp&cp (I11.65)

This expression of the Young’s modulus E, is used in the Lamé coefficients of the
Mooney-Rivlin model (see Eq. I11.30).

I11.3.2 Cell spreading on a flat substrate

The first step of our study is to confront the model to a flat substrate in order to vali-
date its behaviour with respect to the existing literature before taking it to a structured
substrate. The cell settles on a flat substrate and spreads under the action of the radial
spreading force in a 2um-thick layer over the substrate. In this simulation, we do not
consider any active contraction, but we study the sheer action of the spreading force
(see Fig. 1I1.15).

In all the simulations, the cell is initially positioned in the over layer, although not
touching the substrate for the gravity step to converge more easily. In order to quanti-
tatively evaluate these results, we plot the contact radius between the cell and the flat
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FHTHHTTITTES

Figure II1.15: Cell spreading on a flat substrate with its overlayer: (a) initial configuration, (b)
deformed configuration at ¢ = Tg + T;. Blue arrows represent the normal to the
cell.

Substrate

substrate (see Fig. I11.16). Gravity slightly increases the contact surface up to 1 um.
When the spreading process begins however, we observe a much faster spreading with
a maximum contact radius of 8.8 um. This is in agreement with the results presented
in Cuvelier et al. [2007]. Our model is thus able to capture the essential features of cell
spreading on a flat substrate.

8.5r

7.5+

6.5r

5.5

4.5¢

3.5¢

Contact radius [um]

2.5+

1.5¢

0.5

T,
Time [s]

Figure II1.16: Contact radius of the cell spreading over a flat substrate as function of time, as
defined in [Cuvelier et al., 2007].
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I11.3.3 Cell spreading on a micro-pillared substrate

Once tested on a flat substrate, we now confront our model to a more complex topogra-
phy. In the experiments we aim to reproduce, suspended cells are plated on an array of
micro-fabricated pillars (see Fig. II1.1 for experimental example) [Badique et al., 2013;
Pan et al., 2012; Hanson et al., 2015; Ghibaudo et al., 2011]. For simplification reasons,
we represent here a cross-section of a single cell between pillars in 2D (see Fig. I11.17).
The overall substrate is composed of the pillars and the ground plate on which they
are set . It is represented through the characteristic function gs,pssrare as detailed in
Appendix ITL.B .

Top point

Bottom point

Figure II1.17: Geometry of the cell and the micro-pillared substrate in the initial configuration
of the system. The actin deformation zones are drawn in dark blue. The top and
bottom points of the cell and nucleus,respectively, are highlighted in black dots.

From this configuration we want to tackle two important questions:
1. Is the nucleus being pushed or pulled in the inter-pillars gap ?

2. What is the role of the gravity in the cell spreading process ?

Numerical simulation is particularly relevant to answer such questions since we
can implement the various hypotheses and analyze the results, with respect to the ex-
isting literature.
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a Push or Pull ? Clarifying the mechanism behind nuclear deformation

The first matter we want to address in this study is the mechanism by which the nu-
cleus deforms to fit in the inter-pillars space. We test whether the nucleus is being
pushed by the PAC (Push), pulled from below by contractile fibers concentrated around
the pillars (Pull) or a combination of both (Push & Pull). The results are presented in
Fig. I11.18.

= =Push & Pull Push Pull

Displacement [um]
b o Y o " A & S A

KN
o

Ty Ty
Time [s]

Figure II1.18: Displacement d,, of the bottom point of the nucleus for different configuration:
Push & Pull (blue), Push (green) and Pull (orange)

The gravity has very little effect on the displacement of the bottom of the cell nu-
cleus d,, (see Fig. I111.17), mostly corresponding to the cell simply settling down on the
pillars, and dj, = —0.1um at t = Tg. During the spreading phase, for Ty < 1 < T¢ + Ty, the
nucleus gets positioned at the beginning of the gap but isn't fully engaged yet, with d,, =
—5um (see Fig. 111.19). Eventually, the contractile phase, for Ty + Ty < t < Tg + T5 + T¢,
differs depending on the hypothesis made. When only the PAC contracts (Push - green
line in Fig. III.18), we are in the least efficient case with a maximum displacement
dn = —5.4um (see Fig. 111.19 A). The two curves for the Pull case (Orange line in Fig.
I11.18, and Fig. I11.19 B), where the nucleus is being pulled radially around the pillar,
and the Push & Pull case (Blue line in Fig. I11.18, and Fig. I11.19 C), where the two pre-
vious mechanisms are combined, are very close, reaching d,, =9.6um. Having a closer
look shows that the combined strategy is slightly more efficient than the Pull strategy
on itself. The difference is however only of 0.01um, which we consider insignificant
here. We can thus conclude that the nucleus is mostly being pulled towards the sub-
strate, although the Push & Pull combination gives similar results. In Hanson et al.
[2015], the Push strategy is also the least efficient one, although the difference between
the Push and the Push & Pull strategies is more pronounced. However, the difference
in results can be explained by the varied pillars geometry and the simplified modeling
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choices.

A. Push

B. Pull

C. Push & Pull

Figure II1.19: Simulation results for (A) Push, (B) Pull and (C) Push & Pull simulation. Three
time points are represented for each: (a) Initial configuration, (b) End of the
spreading phase, (c) End of active contraction phase

b Gravity is not responsible for nuclear deformation

The second main question tackled here is the role of the gravity. As raised by Pan et al.
[2012]: "Is gravity responsible for the deformation ?" To answer, they let the cell spread
on micropillars and the nucleus deform. Once a stationary state was achieved, they
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put the device upside down and compared the nuclear deformation. To reproduce this
experimental strategy, we consider a "control" case corresponding to the Push & Pull
strategy from before and an "upside down" case. In the latter, the cell spreads as in the
control case and then, the gravity is reversed for ¢ > Tg + T + T;: ppg becomes —p,g.
The results are presented in Fig. II1.20. On the overall curves, we cannot spot any no-
ticeable difference. If we zoom in on the time period where the gravity is reversed, we
observe a light effect of the gravity that is however negligible: less than 0.1um com-
pared to the total 7.5um displacement of the top of the nucleus. These results are per-
fectly in agreement with the experiments from Pan et al. [2012], thus validating this
aspect of our model.
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Figure I11.20: Displacement of the top point of the cell for different configuration: Upside down
(blue) and Control (orange)

I[1I.4 Conclusion and discussion

The model we present here is the first advanced mechanical one to investigate the
mechanism behind nuclear deformation during cell spreading over a micro-pillared
substrate. Experiments on this topic have been developed and two possible strate-
gies were outlined, based on the position of filamentous actin in the spread cells. The
nucleus is thought to either be pushed from above by the contractile PAC, or pulled
from below by contractile actin fibers gathered around the pillars. We build a 2D FE
model of half a cell, with symmetry boundary conditions. It is subject to gravity, a re-
pulsive contact force at the interface with the substrate, a radial spreading force and
active contractile strains through deformation gradient decomposition. First, the cell
is plated on a flat substrate and no contractile strains are activated. This first step en-

ables us to validate the behaviour of our spreading model with respect to the existing
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literature. Then, we subject our cell model to a micro-pillared substrate. By spread-
ing alone, the nucleus does not deform sufficiently to penetrate the inter-pillars gap,
which supports the hypothesis of necessary active contraction in the cell. To evalu-
ate the influence of each active deformation, we activate either one of them, and then
both of them together. As a result, we observe that the PAC has very little influence on
nuclear deformation after spreading, while bottom contraction alone is merely as effi-
cient as the combination of both contractions. We can conclude from this study that
the nucleus is mostly being pulled from below to achieve its deformation. The sec-
ond question that had been raised in the literature was to expose whether gravity was
responsible for nuclear deformation. As the experiments had shown, we confirm the
validity of our model with respect to this hypothesis since we observe no significant
influence of the inversion of gravity on the displacement of the nucleus.

Hence, our model appears as a great tool to examine to mechanical mechanisms
involved in cell spreading over flat to topographically structured substrates. Never-
theless, some limitations may be drawn. First, we decided here to stick to a 2D rep-
resentation for computing time reasons. However, a 3D representation of the system
(i.e. both the cell and the micro-structured substrate) would allow to catch more re-
alistically the cellular strains and the adaptability of the cell and the nucleus to their
environment, specifically since the third dimension would give more space for the cell
and the nucleus to deform. Secondly, the successive phases of our model (i.e. gravity,
adhesion, spreading and active strains) are "user controlled" as they are fully deter-
mined by time-dependent functions that we designed. One great advance would be to
let these steps depend on one or more specific physical quantities so that the system
would be self-regulated based on its current state. Besides, we did not consider any
stiffening if the stress fibers in our model that would be supplemented through Ogden
and Holzapfel’s theory on cross-linked F-actin networks [Holzapfel et al., 2014]. Then,
we represent the cell here as a continuum but are currently working on a discrete de-
scription of the domain where the actin filaments are physically represented and will
be the main actors of both the active strains and the adhesion sites. Indeed, our ap-
proach can be seen as a homogenization of such phenomenon which can lead to a loss
of information. Our study could be further extended by studying the influence of the
pillars geometry or of the cell’s mechanical parameters on the system’s evolution. We
assume that the cell adheres uniformly on the substrate, but another path for develop-
ment would be to localize the adhesion on certain zones of the pillars only. This would
experimentally correspond to changing the distribution of the fibronectin coated on
the substrate. Eventually, we did not take into account the membrane reservoir re-
cruitment generated by the unfolding of wrinkles in the membrane that would lead to
an eased spreading phase. More budding perspectives to take this model further are to

be developed in the next Chapter.
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Appendices

III.A Cell geometry

In this chapter, each cellular component is geometrically defined through a character-
istic function g, which is a composition of a Heaviside function h and a spatial level set
[ as follows

1 forl;(x)>0
g§ix)=hol;(x) = (I11.66)
0 forl/;x)<0O

where where i = n, cp, m.

For the nucleus, we have

1 ifllp—ceepll<r
gn(p) = P~ Ceelll < Tn (I11.67)
0 otherwise

where c.;; is the position of the center of the cell.

For the cytoplasm, we have

1 ifrp<lp—ceell <r
o (p _ n p cell cell (I1L.68)
0 otherwise
Eventually, the membrane is defined by
1 if (reepp—em) <llp—ceepill <1
&m (p) _ cell m P cell cell (IH.69)
0 otherwise

The complete cell is the defined as g¢.;; = gn + cp- For later use, we also define the
cytosol gc; = gcp — &m- Fig. I11.14 illustrates the components of the cell.

III.LB Substrate geometry

Pillared substrate

The complete substrate is represented as the sum of the pillars and the ground
through the levelset function lsypstrate = lpitiars + lgrouna- The characteristic function
of the substrate g, pssraze 1S then the Heaviside of the levelset function as gs,psirare =

ho lspstrate- For the pillars, we have
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Lpittars =1x—Xo,p — (Sp + wp) - round( PyE 1y - yo, p| - (—) (I11.70)
Sp+wp

with (x, y) the coordinates of p and round () the function that rounds to the nearest

integer. xo,, and yo , characterize the first pillar’s position, while k, s, and w), define

the pillars’ height, the space between the pillars and the width of the pillars. This func-

tion thus defines an infinite number of pillars and we can simply choose to plot as

many as we see fit.

The ground is defined by a semi-infinite plane at a y-position sy as

lground ==Y+ (II1.71)
The overlayer is defined through its characteristic function gayer = &pitiars,layer +
8ground,layer- The layer is obtained by substracting a "larger” pillar g,;/;4rs,1 from the

normal one (and similarly for the ground ggouna,1), with a subscript L.

8pillars,layer = 8pillars,L — 8pillars

(I11.72)
8ground,layer = 8ground,L — 8ground
The corresponding levelset functions read
wp,L
Lpitiars, =1x—Xo,p = (sp + wp) - round( Py 1y - yo, ol (T)
Sp+ Wp (I11.73)

lground,L =-)y+S.L

Two pillars and the corresponding overlayer have been plotted in Fig. TIT.11.

Flat substrate

In the case of the flat substrate, we consider no pillars, and we only have :

lground,flat ==Y+ S0, flar (II1.74)

Similarly as before, the overlayer 8ground,flatlayer = 8ground,flat,L—8ground,flat and

lground,flat,L ==Y+ Soflat,L (II1.75)

This specific setup is illustrated bi Fig. III.15.
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III.C Active domains

As previously, the characteristic functions gpac and gpotrom are defined in the initial
configuration as Heaviside functions of levelsets Ipac and lpo:10m respectively (see Fig.
[II.C.1). The PAC is characterized by the portion of an ellipse which parameters are
chosen so that the deformed configuration is coherent. The bottom active domain is a
radial portion of the cytoplasm chosen so that the deformed configuration is coherent

as well.

grac(P) = 8pAcC,ext — &PAC,int for 0 = 0pac (I11.76)

Y= Vocell
X—=Xo,cell

ordinates of the center of the cell in the initial configuration. gpac,ex: and gpac,in: are

where 6 is the angle defined as 6 = atanz( ), Xo,ce11 and Yo ce1; being the co-

Heavisides of two levelset functions of ellipses, in order to build an ellipsoidal shell.

Opac is the cutting angle of the ellipsoidal shell.

— 2 _ 2
Ipac,ext(p) = (M) _ (M) o

b
ApAC,ext , PAC,ext , (IIL.77)
X—X -
Ipac imt(p) = — (ﬂ) _ (M) 1
APAC,int bpac,int
Evortom(P) = &c1(P) for 0 <Opotrrom (II1.78)

where 0p::0m is the cutting angle of the bottom radial zone.

) ePAC

Hbattom

Figure II1.C.1: Geometry of the active domains (in electric blue) in the cell and definition of
Opac and Oporrom
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III.D Time functions

The phases of the simulation are controlled by the functions hg(f), hspreqa(t) and

hcon:(t) defined through the regularized Heaviside function k() as follows:

T, T,
he(0)= (=5 —5)

2
Ts Ts
hspreaa(t) = h(t— Tg— — —) (IT1.79)
T T
heont(8) = h(t = Tg = Tg= =5, =)

where Tg, T, and T; are the time spans of the gravity, spreading and contractile
phases, respectively. h(t— TT, Tg) defines a function that varies smoothly from 0 to 1
for ¢ € [0, Tg] (see Fig. II1.9). Similarly, hspreqq(t) is O for ¢ < Tg, 1 at t = Tg + T and

varies smoothly in between. The same reasoning can be applied of h¢y;(1).

III.LE Parameters of the problem

Some parameters of the problem have simply been chosen to reproduce experiments
and defined the geometry and time phases of the simulation (see Table III.E.1). Others
characterize the mechanical behaviour of the cell and can be open to discussion as
they affect the results of our study (see Table IIL.E.2).
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Table IIL.E.1: Values and description of the model’s parameters

Parameter Description Value
Geometrical parameters
Xo,cell x-position of the cell center Oum
Yo,cell y-position of the cell center 8.5 um
Tcell Cell radius 10 um
'n Nucleus radius 5um
em Membrane thickness 0.25 um
Xo,p x-position of the center of the first pillar 8um
Yo,p y-position of the center of the first pillar -8 um
Sp Inter-pillars gaps 8um
wpy Pillars width 8um
k Pillar parameter 4.24
S0 Ground height -8 um
Sflat Ground height for the flat substrate case -2 um
kr Overlayer pillars parameter 4.20
Wy Overlayer pillars parameter 10 um
So,L Overlayer ground height -6 um
Sflat,L Overlayer ground height for the flat substrate case Oum
Opac Defining angle for the PAC active domain -18°
Ovortom Defining angle for the bottom active domain -35°
APAC,ext External first semi-axis of the PAC active domain 10 um
apAC,int Internal first semi-axis of the PAC active domain 9um
bpac,ext External second semi-axis of the PAC active domain 15 um
bpac,int Internal second semi-axis of the PAC active domain 14 um
Problem definition
T, Duration of the gravity phase 10.000 s
T Duration of the spreading phase 30.000 s
T, Duration of the contractile phase 10.000 s
Ucontact Contact coefficient 2.10°N
Vspread,0 FA maturation velocity 1.10° N/s
Mspread,max Maximum spreading coefficient 1.4.10°N
€PAC,0 Amplitude of active deformation in the PAC domain 0.7
€hottom,0 Amplitude of active deformation in the bottom domain 0.7
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Table IIL.E.2: Mechanical parameters

Parameter Description Value Reference
Pep Cytoplasm density 1000 kg/m®  [Milo and Phillips, 2015]
On Nucleus density 1400 kg/m3  [Milo and Phillips, 2015]
E¢p Cytoplasm Young’s modulus 100 Pa [Caille et al., 2002]
E, Nucleus Young’s modulus 500 Pa [Caille et al., 2002]
Ve Cell’s Poisson ratio 0.485
Af Isotropic viscosity 1000 Pa.s
[y Deviatoric viscosity 2.1073Pa.s
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Chapter IV

Conclusion and Perspectives

Cell migration is a very exciting topic in the light of biomechanics. It is under very
strict scrutiny from experimental biologists in order to unveil the signaling pathways
that regulate it. However, when it comes to a multi-material object submitted to vari-
ous internal and external forces, a mechanical modeling approach sheds a new light on
this complex phenomenon. To tackle the challenges raised by confinement (i.e. con-
tact, friction, adhesion forces, as well as active strain from actin polymerization and
acto-myosin contractility), we decided to model the cell in the framework of confined

migration.

Thesis review

Cell migration in confinement is such an intricate phenomenon, that one model
cannot account for all of its aspects. It rather needs to be divided into smaller prob-
lems first, that can later be congregated. In this thesis, we thus broach three distinct
problems revolving around confined cell migration : the mechanical behaviour of the
nucleus, the workings of adhesion-free chimneying migration, and cell spreading on
a micro-pillared substrate. All our models feature a generic cell rather than a specific
cell type and can be adapted to fit a specific phenotype by adapting the mechanical

parameters.

First, during migration through tight constrictions, as would occur in the mesh of
the extra-cellular matrix, the nucleus has a crucial role due to its size and stiffness. Ob-
servations have revealed a plastic behaviour that makes it easier for the cell to pass
through consecutive constrictions. To analyze the influence of such behaviour, we de-
sign a visco-elasto-plastic model of the nucleus that we validate against the literature
in a compression test. Then, we implement it in a viscoelastic model of the cell pas-
sively flowing through a constriction in a perfusion experiment. Our model unveils an
interesting mechanical interplay where the cytoplasm can "pull" on the nucleus and

regulate its shape, which meets experimental observations from the literature.
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Then, for the cell to squeeze through tight gaps, it requires adaptation. It can alter
the mechanical behaviour of its constituents, such as the nucleus, but it can also adapt
its migration mode to the surrounding environment. In the chimneying mode, the cell
does not form any adhesions with its environment, but pushes against the confining
walls to generate friction. Our model succeeds in showing that rear active contraction,
coupled with a poroelastic description of the cytoplasm and the friction force against
the walls are mechanically sufficient for the cell to efficiently move forward. The syn-
chronization between active strains and external forces is managed here by the friction
force itself: it is completely self-regulated in this regard, which is a great step towards a
more autonomous model.

Micro-pillared substrates are a great tool to study cell confined migration in vitro.
Before migration begins, the cell spreads on the pillars and its nucleus somehow ends
up deformed in the pits between the pillars. In the third chapter, we then develop a
complete cell model with an adhesive spreading force to test whether the nucleus is
being pushed from above by the perinuclear actin cap or pulled down by actin fibers
towards the pillars. We first validate our model on a flat substrate. Then, we test three
configurations : "Push" only, "Pull" only and "Push & Pull". As it turns out, the pulling
force is much stronger than the pushing one and the "Pull only" case is almost as ef-
ficient as the "Push & Pull" one. The nucleus then appears to be mostly pulled town
towards the substrate. Besides, our model mechanically validates that gravity is not
responsible for the deformation of the nucleus.

All in all, our models are great tools to confront experimental hypotheses and of-
fer a new type of information about the cell. They allow us to apprehend the keys to
cell migration with a mechanical perspective. They are all built on a common foun-
dation made of three columns: a material characteristic law to describe the cell and
its nucleus, active strains in the cell, and their synchronization with the external forces
acting on the cell. Each of these columns can be suited to a specific situation through
different bricks. We developed three models here, for three different situations. How-
ever, based on this common foundation, we could address many more problems where

mechanics is involved.

Modeling perspectives

In this work, we chose to have an exploratory strategy. That is to say, we developed
the tools to model three separate issues rather than perfect a single, "polished" model.
We thus designed various bricks that will be of use for future work. As mentioned ear-
lier, our models are based on three columns and the perspective developments can be
classified along those same lines: the characteristic behaviour of the cell, the active

strains, and their synchronization with the external forces on the cell.
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To begin with the characteristic behaviour of the cell, it would be interesting to as-
semble the bricks of the material laws and build a unified model of the passive cell,
featuring no active strains or external forces. In our first model, we developed a visco-
elasto-plastic material law for the nucleus in small deformations. In the second one,
we developed a poroelastic model of the cell in small deformations. In the third one,
we eventually tackled the issue of large deformations through a Lagrangian formula-
tion and implemented a visco-hyperelastic description of the cell and its nucleus. A
combined model would then be made of a poro-hyperelastic cytoplasm and a visco-
hyperelasto-plastic nucleus. It could be used to characterize the passive behaviour of
the cell, taking into account the interstitial fluid transport in the cytoplasm, as well as
the plasticity of the nucleus. This passive unified model would be the basis of further
active development. We could broaden the model with the different kinds of active
strains and external forces that we developed: polymerizing or contractile strains, re-
pulsive contact, friction, and adhesive spreading. In the case of adhesive migration
between pillars for instance, the poroelasticity of the cytoplasm could lead to a "pis-
ton effect” of the nucleus that would be highly interesting to study. Besides, nuclear
plasticity would certainly be relevant since the cell would go through successive con-
strictions.

Looking at the active strains in the cell, there are two types of deformations. Pro-
trusive ones, that symbolize the polymerization of the filamentous actin network, and
contractile ones, that depict the acto-myosin dynamics. In our previous and current
works, the active strains were controlled by pre-established functions. These functions
were designed to fit the modeled situation but were disconnected from the internal
biology of the cell. In reality, complex interactions between filamentous actin, globu-
lar actin, microtubules, myosin and other regulatory proteins occur in the cell. This
internal dynamic drives the formation of protrusions and the cell’s contractility. An
interesting development of our model would be to include a self-regulation of myosin-
based contractility (and extend it to actin polymerization) through Partial Differential
Equations (PDEs) describing the internal molecular dynamics of the cell. Such chemo-
mechanical approaches have already been developed in the literature. It would not be
a far stretch to implement it in our model. Then, the active strains could directly be
controlled by these PDEs and this multi-physics model would be less user-driven and
more autonomous.

The next bolt to unlock in order to move towards a fully autonomous model is the
self-synchronization of active strains with the external forces generated by the environ-
ment. In previous adhesive migration models, as well as in the cell spreading model,
the protrusion and contraction phases are governed by user defined synchronization

functions. Only in our poroelastic model of chimneying are the contractile strains self-
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synchronized with the friction force through the mechanical description of friction it-
self. This autonomous regulation is however what we aim to achieve in all our models.
Looking at our cell spreading model for instance, we controlled the succession of the
phases by Heaviside functions purely dependant on time and not on any physical pa-
rameter. As we saw in the literature, the active spreading phase only starts once the
cells has passively spread beyond a certain point. We could then imagine a Heaviside
function with a threshold defined not by time but by the contact area between the cell
and the substrate. Likewise, the contractile phase could be triggered by the spread-
ing state of the cell rather than by a mere time threshold. If all active phases of our
models were controlled in such a manner, they could be fully autonomous, regulating
themselves depending on their current mechanical state. In the context of my mas-
ter’s thesis at the TU Wien, we developed a model of semi-confined migration with
self-regulated protrusive and retractile phases based on the contact state with the con-
fining micro-channel (see Fig. IV.1 and Appendix A.4). The active phases were regu-
lated by a combination of Heaviside functions defining the start and stop conditions
for protrusion and retraction. These conditions were based on the current state of the
cell (which part was protruded or retracted) and on the detection of sufficient contact
with the confining wall. This model successfully managed to adapt its behaviour to
pass a local expansion of the channel, showing the feasibility of this approach and the
promises it holds.

To put it in a nutshell, we have most necessary tools to implement a unified au-
tonomous multi-physics cell model. We could take into account the plasticity of the
nucleus and the interstitial fluid flows of a visco-hyperelastic cell. The active strains
could be "biologized" by regulating protrusion and contraction through PDEs account-
ing for the cell’s internal molecular dynamics. Eventually, the synchronization between
active processes and external forces or mechanical state of the cell could be achieved
by using Heaviside step functions linked to physical parameters that will naturally
evolve during the simulation. All the models we developed so far are 2D, or even 1D in
the case of chimneying. For cell spreading over micro-pillars at least, the 2D reduction
might be too restrictive to capture all aspects of the problem. Indeed, the third dimen-
sion may facilitate nuclear deformation in the pits since it would not be constrained
in this direction. It would thus be necessary to develop our model in 3D for it to faith-
fully reproduce the mechanical behaviour of the cell in a given situation. Eventually,
our models do not account for substrate deformability. It is probably irrelevant in the
case of perfusion, but might have a greater impact on the behaviour of our system for
chimneying and spreading on micro-pillars. As it goes, the ECM fibers on which the
cell may push or pull in vivo are compliant and the surrounding environment can be

deformed by the cell, thus influencing the migratory dynamics.
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Figure IV.1: Numerical simulation of a self-synchronized pseudo-confined cell migration
model. The red parts indicate the active segments of the cell while the blue parts
are passive. Once the cell rear pushes on the micro-channel walls to anchor it-
self (a), the front part starts protruding until it pushes hard enough on the walls
(b). Once the front is anchored, the rear retracts (c) and then protrudes again
(d). The front can thus retract (e) and the cycle resumes. Thanks to the self-

synchronization, the protrusion length adapts to the surrounding geometry and
the model is then able to pass a local expansion of the channel.

Experimental perspectives

We have developed very interesting models, offering new insights on the mechan-
ics of the cell, particularly in the context of confined migration. However, we must
not forget that our in silico approach must be confronted to the in vivo reality. The
results of a model can only be trusted as long as you trust the initial hypotheses feed-
ing that model. We saw it through parametric studies: the outcome of the model di-
rectly depends on the mechanical parameters taken in input. The question is: do we
trust our inputs ? Let’s take the examples of the constitutive law describing the cell’s
parts and the mechanical parameters of such laws. Looking in the literature, research
groups have developed all sorts of material laws to describe the cell: power law rhe-
ology, visco-elastic, hyperelastic or poroelastic for instance. It would be deluding to
think that one is right and everyone else is wrong. They probably all tell something
of the very complex behaviour of the cell. Models are often fitted to an experiment to
prove their validity. But, if we fit a model on an experiment, it should be no surprise
that it predicts correctly the experimental results. How should we proceed then ? One
could fit a model on an experiment, and then challenge it on a different experiment
to check its validity. Models designed this way can nevertheless be somewhat discon-
nected from the physical reality of the cell. In this respect, we took the stand to build
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a structure-based model. That is to say, we started from the cell’s internal structure to
build a reasonable mechanical model and then confronted this model to experimental
results.

The constitutive law is one thing, but there is still the question of the choice of the
mechanical parameters. Changing from one cell type to another, the mechanical prop-
erties will not be the same. In simulation, that would not be a problem since we could
simply adjust the parameters of the model. If we choose one cell phenotype, various
methods can be used to characterize it, but all of them are necessarily biased in a way.
Indeed, by probing a spread cell for example, we might sense the stiffness of the actin
network resulting of the spreading process. Since cells adapt to their surrounding, it
is hard to know if we measure the actual cell property or the one resulting from such
adaptation. In general, these methods are reliable to give relative values, but we must
keep in mind that the absolute values might be biased. Besides, even inside a single
cell line, there is a great variably of its properties over two to three orders of magni-
tude. This may explain why the absolute values of the mechanical parameters found
in the literature present such inconsistency. One lead to minimize this effect would be
to design experimental setups that allow good reproducibility. The Jan Lammerding
Lab, for instance, is developing micro-fluidic devices containing 18 micro-pipettes per
device, so that 18 experiments can be done in the very same conditions (unpublished
work). Eventually, I think it is fairly honest to assume that we cannot trust the absolute
values taken as inputs for our models. But what can we make of this ? We strongly
believe mechanical models have a lot to offer in this area. We can actually do reverse
engineering and test various parameters and find which ones give the most coherent
results compared to the experiments. The values we find to be acceptable are often in
the lower range of what can be described in the literature, reinforcing our belief that
experimentally probed cells might stiffen as a result of the probing setup.

The last question now is: what is the long-term goal of this kind of research? Cell
migration has become a thoroughly researched topic due to its implications in can-
cer metastasis. Currently, cancer is mostly being treated by surgery, chemo- or radio-
therapy, and often a combination of those. But these methods are very aggressive on
the body. Chemotherapy, for instance, targets all fast-dividing cells, which includes
cancer cells but, unfortunately, also healthy ones. Recent advances have seen the de-
velopment of immunotherapies and targeted therapies. Immunotherapy targets the
immune system to boost it in its fight against cancer, while targeted therapy techni-
cally is a chemotherapy refined to specifically target cancerous cells only. The world of
cancer treatments is rapidly evolving and current drugs mostly target cells’ inner work-
ings. But, seeing the importance of cell mechanics during confined migration and thus
cancer metastasis, we can imagine future treatments that could focus on the cells’ me-

chanical pathways in order to exacerbate or inhibit specific phenomena.
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Appendix A

Activity Portfolio

A.1 Teaching activities

During the three years of my thesis, [ was a teaching assistant at CentraleSupélec for

the following courses:

Mechanics - Bachelor students: 25 hours per year of tutorial in continuum solid me-
chanics, beams and point dynamics

Biomechanics - Master students: 36 hours per year of practical work on biomechani-
cal materials (material characterization, finite elements modeling, CT scan anal-

ysis, porosimetry tests analysis and microscope observations)

Micro-Electro-Mechanical Systems (MEMS) - Master students: 36 hours per year of
supervising numerical modeling projects using COMSOL Multiphysics software.
The aim is to design a MEMS and to study the Multiphysics interactions using
finite elements.

Besides, I also supervised a Bachelor project of a 6-students team on the optimiza-
tion of isolation and resistance properties of latex gloves for an electricity distribution
company.

A.2 Coursework

In order to sharpen my professional project after my thesis, I enlisted for a 3 years-
long doctoral program at the Institut de Formation Supérieure Biomédicale (I.ES.B.M.),
from the Université Paris-Sud. This program allowed me to discover the medical and

clinical world through various themes, all applied to cancer:
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e Medical innovation in Biotech & Medtech companies (21h)

e The art of scientific presentation (21h)

¢ Introduction to Hematology & Immunology (17h)

* Cancer treatment and management (21h)

* Medical imaging research : principles and practical work (36h)

e Medical technologies and health care organization in peri-operative medicine
(21h)

* Getting started in health care: research and industrial landscape (21h)
* Prosthetic joint replacement (16h)
* Bio-Design & Bio-Engineering (14h)

I also followed an English course on "Presenting your research" and a seminar on
"Ethics in research".

A.3 Research collaboration

From the beginning of my thesis, we collaborated with Jan Lammerding, from the Lam-
merding Lab at Cornell University, USA. His lab’s work on the nuclear lamina and the
nuclear deformation of cancer cells during confined migration were of great interest
for us. I was invited to spend three months at the Lammerding Lab in 2016, which was
a great opportunity for me to discover experimental biology. During this exchange, I
learned how to do cell culture, and how to fabricate the microfluidic devices used in the
lab. I designed my own experiments in order to study the influence of the pressure drop
in a micro-pipette aspiration device on nuclear deformation in wild-type and lamin-
deficient Mouse Embryo-Fibroblasts (MEFs). During my stay, I encountered various
problems, the biggest one being mislabelled cells. Despite the short duration of my
stay, I experienced first hand some of the possible problems and bias of experimental
work. Overall, this helped me develop a more critical approach of experimental litera-

ture.

A.4 Publications

1. Collaboration with the Lammerding Lab for an article on an innovative multiple
micro-pipette aspiration device. We validated their device by modeling the flux

inside of it, under construction.
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A.5. CONFERENCE PRESENTATIONS AND POSTERS

2. Mondésert-Deveraux, S., Aubry, D., and Allena, R. (2018). In silico approach
to investigate nucleus behaviour during cell spreading over micropillared sub-
strates. Submitted to Physical Biology

3. Mondésert-Deveraux, S., Allena, R., and Aubry, D. (2018). A coupled friction-
poroelasticity model of chimneying shows that confined cells can mechanically
migrate without adhesions. Molecular & Cellular Biomechanics, vol.15, no.3,

pp-1-22, Accepted

4. Deveraux, S., Allena, R., and Aubry, D. (2017). A numerical model suggests the in-
terplay between nuclear plasticity and stiffness during a perfusion assay. Journal
of Theoretical Biology, 435:62-77. 88, 89, 91, 97, 106

5. Deveraux, S., (2016). Mechanical models of confined cell migration. AV Akade-
mikerverlag. ISBN: 978-3-639-87239-2. Master's thesis

A.5 Conference presentations and posters

I had the chance to participate and present my work in many international confer-

ences:

10" European Solid Mechanics Conference - July 2018
Oral presentation of a visco-hyperelastic model of cell spreading on a micro-

pillared substrate

MultiBioMe 2017, ECCOMAS Thematic Conference - September 2017
Oral presentation of a poroelastic cell model during confined bleb-based migra-

tion

7" European Cell Mechanics Meeting - June 2017
Poster entitled “Cytoplasm stiffness can reverse nuclear plasticity in lamin defi-

cient cells” - Best Poster Award

22"d Congress of the European Society of Biomecanics - July 2016
Poster entitled “Experimental validation of a confined migration cell model dur-

ing amoeboid migration”

ECCOMAS Congress - June 2016
Oral presentation of a poroelastic model of a cell during chimneying migration

through a micro-channel

MECAMAT Congress on human and animal tissues - January 2016

Poster entitled "How can cancerous cells invade a healthy tissue?"
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40'™ Congress of the French Society of Biomechanics - October 2015
Oral presentation of a visco-elasto-plastic model of the cell nucleus in compres-

sion

4™ International CMBBE Conference - June 2015
Oral presentation of mechanical models of bleb-based migration in pseudo and

fully confined medium
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Appendix B

Résumé de la these

La capacité de migrer activement a travers 1’organisme est une des propriétés fonda-
mentales des cellules. De 'embryogénese a la métastase tumorale, certaines cellules
sont capables de se déplacer a travers le corps afin de remplir des missions bien parti-
culieres. Dans un organisme sain il s’agit de maintenir I'’homéostasie de celui-ci. Mais
si la fonction migratoire est altérée, des cellules cancéreuses peuvent devenir agres-
sives et des métastases peuvent se disséminer dans l'organisme. Lors de la migra-
tion, les cellules subissent d'importantes déformations lorsqu’elles doivent se faufiler a
travers des constrictions trés étroites. Puisque la mécanique est tres impliquée dans le
processus migratoire, nous pouvons nous demander : qu’est-ce qu'une modélisation
numérique de la mécanique de la migration peut nous apprendre sur ce phénomene ?
Nous avons par conséquent choisi d'implémenter des modeles en éléments finis afin
d’explorer différents aspects de la migration.

Si nous nous intéressons de plus pres a la cellule, deux structures sont impliquées
de maniere tres importante dans le processus de migration : le noyau et le cytosque-
lette. Le noyau est a la fois le plus gros et le plus rigide des organelles de la cellule.
Lorsque la cellule migre et doit se déformer, il est un frein au mouvement car il se dé-
forme moins facilement que le cytoplasme. A l'inverse, le cytosquelette est le moteur
de la migration. C’est en effet la polymérisation de filaments d’actine et la présence de
fibres contractiles d’acto-myosine qui vont permettre a la cellule de créer et rétracter
des protrusions et de contracter des parties du cytoplasme. Outre la contraction et la
polymérisation, le troisieme pilier de la migration est la formation d’adhésions entre la
cellule et son environnement. Si elle n’est pas ancrée, la cellule ne fait que pulser sur
place, sans générer de mouvement net. Ces trois piliers sont présents de maniere plus
ou moins importante selon le mode de migration choisi par la cellule, puisque cette
derniere peut adapter son comportement a son environnement. Elle peut alors passer
d’'un mode migratoire a un autre en favorisant 'un ou I'autre de ces piliers.

Dans cette thése, nous nous efforcerons de répondre a trois questions autour de la

migration cellulaire. Soulevées dans la littérature expérimentale, ces interrogations se
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prétent particulierement bien a une étude numérique :
1. Quel est le role de la plasticité du noyau dans la migration confinée ?

2. 1. Par quel mécanisme une cellule peut-elle avancer lors de la migration confinée
non-adhésive appelée ‘chimneying’ ?

3. Sur un substrat microstructuré avec des piliers, comment le noyau de la cellule
peut-il se déformer et se placer dans les creux ?

Chacune de ces questions nous a permis de développer un point de modélisation
pertinent. Tous les modéles développés reposent cependant sur un méme socle, et
c’est bien 1a la puissance de cet outil : un modeéle de base qui nous permet d’étudier
trois problemes différents, et qui pourrait étre décliné pour de nombreux autres. Les
briques constituant ce socle sont (i) la loi constitutive du matériau, (ii) les déforma-
tions actives dans la cellule et (iii) la synchronisation entre ces déformations et les
forces extérieurs appliquées a la cellule.

Le premier chapitre présente un modele visco-€élasto-plastique du noyau de la cel-
lule. Un noyau plastique faciliterait en effet la migration a travers des constrictions
multiples en gardant une déformation résiduelle apres la premiere constriction. Afin
de supprimer tout interférence possible entre le comportement du noyau et les défor-
mations actives du cytoplasme, ce modele a été testé dans deux cas purement passifs.
Nous avons d’abord simulé un test d’écrasement du noyau isolé du reste de la cellule.
Une fois le comportement plastique de notre modele validé, nous avons implémenté
un modele de cellule compléte, avec un cytoplasme viscoélastique. Nous avons en-
suite simulé un test de perfusion, dans lequel la cellule passe a travers une constric-
tion de taille sub-nucléaire sous I'action d'un flux liquide. Deux tailles de constrictions
ont été testées : 5 et 1 um de diametre (sachant que le noyau a un diametre de 8 um).
En ajustant les parametres mécaniques du modele, nous avons pu tester deux lignées
cellulaires : une lignée "controle" et une lignée ot la lamina est affaiblie, rendant ainsi
le noyau moins rigide. Dans la constriction la plus large, le noyau ne se déforme pas
suffisamment pour observer une déformation plastique. Cette plasticité est cependant
observée avec la constriction de 1 micron. Il est intéressant de noter qu’elle disparait
lorsque la lamina est affaiblie. Il semblerait alors que le cytoplasme vienne "tirer" sur le
noyau pour inverser la déformation plastique. Il y a donc la une interaction mécanique
fondamentale entre le cytoplasme et le noyau

Le deuxieme chapitre aborde un mode migratoire appelé chimneying. Dans ce cas,
la cellule confinée migre sans adhérer a son environnement. Ce mode est également
particulier puisqu’il n'y a aucune polymérisation de filaments d’actine ; la seule dé-
formation active est une contraction a I'arriere de la cellule. Une hypothese générale-

ment avancée pour expliquer le chimneying est le couplage entre un comportement
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poroélastique du cytoplasme et la friction contre les parois environnantes. En effet,
les flux de fluide interstitiel dans le cytoplasme semblent avoir un réle majeur lors de
la migration confinée. Nous choisissons alors une description poroélastique du cyto-
plasme afin de rendre compte de ces flux et de leur influence mécanique. Par ailleurs,
si la cellule ne forme pas d’adhésions, elle doit cependant s’ancrer d'une maniere ou
d’une autre pour ne pas osciller sur place. Lhypothese du chimneying est donc qu’en
poussant contre les parois qui la confinent, la cellule génére des forces de friction suff-
isantes pour ne pas glisser. Le modele implémenté repose donc sur la loi de comporte-
ment poroélastique du cytoplasme, la contraction active de I'arriere de la cellule et la
force de friction. Si, pour des raisons numériques, nous avons ici choisi un modele 1D,
la force de ce modele réside dans 'auto-synchronisation entre la friction et les défor-
mations actives. En effet, dans les travaux précédant cette these, la synchronisation
était pilotée manuelle et nous avons donc franchi un pas ici vers un modele plus au-
tonome. Par ce modeéle, nous montrons donc mécaniquement que la simple contrac-
tion arriere, couplée a la friction et a la poroélasticité suffisent a créer un mouvement
net vers |’avant.

Enfin, dans le troisieme chapitre, nous nous sommes intéressés a I’étalement de
la cellule sur un substrat microstructuré. Afin d’étudier la migration cellulaire, de
nombreux dispositifs micro-fluidiques existent. Des substrats microstructurés avec
des piliers ont récemment été développés afin d’étudier le processus de déformation
du noyau pendant la phase d’étalement qui précede la migration. Lorsque la cellule
s’étale sur les piliers, on observe une déformation du noyau qui vient alors se placer
dans les creux entre les piliers. La question posée est alors celle du mécanisme a
'origine de cette déformation du noyau. Dans les cellules étalées, il y a une forte con-
centration d’actine autour des piliers ainsi qu'au-dessus du noyau. Le noyau pourrait
donc étre tiré par les fibres d’actine vers les piliers ou bien poussé par la contraction
du déome d’actine qui le surplombe. Le modele développé dans ce chapitre nous per-
met également de valider que la gravité n’est pas responsable de la déformation du
noyau. Les briques qui composent ce modele sont : une loi de comportement visco-
hyperélastique de type Mooney-Rivlin, une contraction active dans chacune des zones
a tester et les forces extérieures (i.e. la force d’étalement et celle de contact). Notre
modele montre alors que les filaments qui tirent le noyau vers les piliers sont bien plus
puissants que le dome d’actine.

Nous montrons ici que notre modele de base peut se décliner selon différents cas
a simuler. Sa versatilité est un atout puisque cela permet de le confronter a de nom-
breuses expériences. Ici, nous avons voulu explorer trois situations trés différentes.
L'étape suivante consisterait a synthétiser nos résultats en un seul modeéle qui pourrait
alors aborder la migration cellulaire de maniere tres concrete. Couplé avec une ap-

proche plus moléculaire, cela permettrait d’avoir une vision plus ample de ce proces-
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sus. Un tel modele permettrait de mieux comprendre les phénomenes multiphysiques
qui régissent la migration cellulaire, et d’appliquer ces connaissances dans un cadre
médical. Dans le cas des métastases tumorales, on pourrait alors imaginer dévelop-
per de nouveaux types de médicaments qui cibleraient les propriétés mécaniques des

cellules ou de leur environnement.
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Résumé : Les cellules possedent une capacité
fondamentale & leur survie : la migration. De
I’embryogénése aux métastases tumorales, lors
de la migration, les cellules doivent se faufiler a
travers des mailles sub-nucléaires pour atteindre
leur localisation cible. Pour ce faire, elles
peuvent adapter leur mode locomotion ou leurs
propriétés mécaniques a 1’environnement qui
les entoure. La cellule ainsi que son noyau
subissent d’importantes déformations lors de la
migration en milieu confiné. Le noyau étant
I’organelle le plus gros et le plus rigide, il peut
limiter la capacité migratoire de la cellule. Ses
propriétés mécaniques sont donc décisives afin
de migrer a travers un environnement complexe.
Dans la littérature, les signaux moléculaires
pendant le processus migratoire ont été
abondamment décrits, mais la modélisation
mécanique d’une cellule en migration peut-elle
nous révéler de nouveaux éléments sur les
mécanismes sous-jacents ?

La migration cellulaire est un procédé d’une
complexité mécano-biologique telle, que tous ses
aspects ne peuvent étre modélisés a ce jour. Nous
en choisissons donc trois que nous
développerons ici. Nous nous intéressons
d’abord a I’interaction mécanique entre le noyau
et le cytoplasme lors d’une constriction de la
cellule, puisque la plasticit¢ du noyau semble
avoir un role primordial. Nous étudions ensuite
le chimneying, un mode migratoire sans
adhésion dont le mécanisme repose sur des
forces de friction couplées a la poroélasticité du
cytoplasme. Enfin, les substrats avec des micro-
piliers sont depuis peu utilisés pour étudier les
propriétés mécaniques de la cellule et de son
noyau, mais la mécanique de ce phénomene est
peu comprise. Nous modélisons le processus par
lequel le noyau se déforme afin de déterminer s’il
est poussé ou tiré dans 1’espace inter-piliers.

Modeling cellular and nuclear mechanics in the context of confined
migration

Keywords: Cell mechanics, Active strain, Nuclear plasticity, Chimneying migration, Spreading

Abstract: One of the fundamental properties in
cells is their ability to migrate. From
embryogenesis to tumor metastasis, migrating
cells must overcome mechanical obstacles to
reach their intended location, squeezing through
sub-cellular and sub-nuclear gaps. It can be done
by adapting the locomotion mode to the
surrounding environment or by tuning the cell’s
own mechanical properties. Migrating in a
confined space leads to intensive deformation of
the cell and thus its nucleus. Being the largest
and stiffest organelle, the nucleus can hamper
the migratory process. Its mechanical properties
hence are key to a successful migration in a
complex environment. Molecular signals behind
cell migration have been extensively studied in
the literature, but what can computational
mechanics modeling unveil about the
mechanisms behind cell migration?

Cell migration is such a complex mechano-
biological process, that all aspects cannot be
modeled at once for now. We choose three
distinct situations for in-depth study. We first
seek to understand the mechanical interplay
between the nucleus and the cytoplasm, since
nuclear plasticity seems decisive for migration
through sub-nuclear gaps. Second, we
investigate the mechanics of chimneying, a
specific confined migratory mode, in which no
adhesion in needed for the cell to move forward.
Poroelasticity, coupled with friction, appears as
the key to successful locomotion. Eventually,
cell spreading on micro-pillared substrates has
recently been developed to study nuclear
mechanical properties. The mechanism behind
this process being however unclear, we designed
a large deformation model to determine whether
the nucleus is being pushed or pulled in the
inter-pillars gaps.
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