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Abstract: In this paper, we derive a free boundary problem for cell protrusion formation in
which the cell membrane is precisely described thanks to a level-set function, whose motion is due
to specific signalling pathways. The model consists in Laplace equation with Dirichlet condition
inside the cell coupled to Laplace equation with Neumann condition in the outer domain. The
motion of the interface is due the gradient of the inner quantity. We prove the well-posedness of
our free boundary problem under a sign condition on the datum similarly to the Taylor criterion in
water waves. We also propose an accurate numerical scheme to solve the problem and we exhibit
the main biological features that can be accounted for by the model. Even though simplistic
from the modeling point of view, we claim that this paper provides the theoretical and numerical
grounds for single cell migration modeling. In particular, specific chemical reactions that occured
at the cell membrane could be precisely described in forthcoming works.
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Probléme a frontiére libre pour la formation de protrusions
a I’échelle de la cellule: Aspects théoriques et numériques

Résumé : Nous présentons un modéle a frontiére libre pour modéliser la formation de protru-
sions a 1’échelle de la cellule. La membrane cellulaire est décrite & I’aide d’une fonction level-set
dont le mouvement est di au gradient d’'un signal chimique. Le modéle consiste en un cou-
plage entre une équation de Laplace avec condition de Dirichlet dont la donnée est la trace sur
I'interface de la solution d’un probléme de Laplace avec condition de Neumann dans le domaine
extérieur. La vitesse de la frontiére libre est proportionnelle au gradient du signal intérieur a
la cellule ce qui génére a prior: une perte de régularité. Nous prouvons le caractére bien posé
de ce modéle sous une condition de signe similaire au critére de Taylor pour les "water waves"
et nous présentons une méthode aux différences finies pour résoudre précisément le probléme a
frontiére libre. Bien que simple, notre modélisation présente les bases d’une modélisation fine
des formations de protrusion a 1’échelle de la cellule.

Mots-clés : Mathématiques pour la biologie, Formation de Protrusion, Probléme a frontiére
libre, Différences finies
65M06, 656M12, 92C37
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1 Introduction

Invadopodia and pseudopodial protrusions are elongated shapes, which are formed during cell
invasion and mesenchymal migration. These phenomena are the crucial points in the metastasic
process, which is the major cause of death from cancer. Even though these phenomena are
different from the biological point of view, both involve specific signaling pathways occuring on
the cell membrane. The aim of this paper is to present a simple free boundary model, which can
be seen as the main basis to model such phenomena at the cell scale. The main novelty lies in
the fact that the cell membrane is precisely accounted for as a free boundary, whose motion is
driven by the gradient of a chemical signal. In this paper, we study theoretically and numerically
the core model of protrusion formation at the cell scale. Note that our model is somehow related
to Stefan-type models: in Appendix [A] we show how well-posedness of the quasistatic 2-phase
Stefan model can be tackled thanks to our approach.

1.1 Motivations

Early-stage carcinoma are mostly confined to epithelium, which is separated from the underlying
tissue by a basement membrane composed of dense fibers of extracellular matrix. In order to
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4 Gallinato € Poignard

cross this tight barrier, metastatic cells use a complex internal machinery, named invadopodia,
which lies on the actin polymerization and that leads to the formation of proteolytic, protrusive
and very localized subcellular structures. Saitou et al. derive a model at the cell level for the
formation and the maturation of invadopodia [I8]. They describe the distribution of specific
enzymes, called Matrix Metalloproteinases (MMPs), which degrade the extracellular matrix,
creating then ligands. These ligands, when bound to the membrane receptors, generate a signal
which polymerizes the actin, leading to the formation of the invadopodium. Figure [I]provides an

Creation

Regulation

ECM 1
| . \ Binding 1
Degrada(lon\ 1 Ligand (EGF-like) 1
A I 1

mmps |
Receptor (EGFR, etc.) 1

X1
<4 1
transport 1

1 - -
! [
. Signaling

Actin 1 1
1
1
1

Up-regulation 1

(a) Experiment showing the formation of  (b) Molecular interactions involved in the in-
an invadopodium [I9]. vadopodia model of Saitou et al. The dashed line
shows the processes we focus on in this article.

Figure 1: Invadopodia.

experimental visualization of invadopodia and the schematic diagram of the involved chemical
reactions, as explained by Saitou et al. [18].

Once the basement membrane has been crossed, cells adopt a migratory behavior to progress
in the conjonctive tissue by projecting wider elongated protrusions. Cells that migrate on a
2D extracellular matrix form flat and plated structures called lamellipodia, at the leading edge,
whereas they show various shapes in 3D migration, in particular cylindrical pseudopodia (see [4]
for a biological review of migration process, and Figure . These structures result also from

polarization

B —adhesions.at poles

z < 3 —__protrusions

= =
= — =
- @7‘/’ S

g fféfianﬁ{eﬁ{ along fibers

Figure 2: Extended pseudopodial protrusion in 3D extracellular matrix, taken from [16].
both actin polymerization and cytoskeleton reorganization, as for invadopodia, but they grow as

a response to a weak external gradient of chemoattractants, which are released by neighboring
blood vessels. Mesenchymal protrusions are wide directional migration structures, at the cell
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scale, while invadopodia are local subcellular structures that are needed to perforate and pass
through collagen walls.

As far as we know, most of the current models for such phenomena do not discriminate
between the interior and the exterior of the cell. More precisely, in cell migration models —
see for instance [I0] — the cell membrane is implicitly determined by the actin concentration,
which satisfies a reaction—diffusion equation. The main drawbacks of these approaches lie in the
fact that specific membrane receptors and ion channels such as Na*/H™ exchangers or sodium
channels that might be crucial in cell migration — see Stock and Schwab [21] and Yang et al. [22]
— cannot be considered. Moreover, in the numerical simulations, the cell shape, and thus the
resulting protrusion, depends arbitrarily on the threshold of detection of the actin. Since the
main mechanisms involved in protrusion formation are tightly linked to the cell membrane, the
present paper aims at providing the grounds for a cell modeling that describes precisely the
membrane motion. It is worth noting that our goal is to provide the theoretical and numerical
bases of the modeling, and therefore we only deal with a core model, which takes the membrane
into account, and which will be enriched by more biological features in following research.

More precisely, we derive a free boundary problem in which the cell membrane is given by the
zero of a level set function, whose motion is due to specific signalling pathways. This makes it
possible to account precisely for protusion formation. More precisely, the motion of the level set
is driven by the gradient of a chemical signal produced by (and inside) the cell as a response to
the detection on the cell membrane of extracellular ligands (for invadopodia) or chemoattractants
(for pseudopodial structures). In the case of invadopodia, MMP enzymes are embedded in the
cell membrane and degrade the extracellular matrix by contact, creating a ligand flux, while for
pseudopodia, the source of chemoattractant diffuses far from the cell membrane. For the sake of
simplicity, and since we are mainly concerned in the membrane description, we do not consider
the production of MMPs: we assume that the ligand is created by a local concentration of MMP,
which is a given Gaussian function on the interface. In the case of pseudopodial structures,
chemoattractants are diffusing from a neighboring blood vessel and create an external gradient
that leads to the cell polarization: proteins that are involved in actin polymerization are advected
towards the leading edge of the cell. Thus, pseudopodium-like protrusion modeling needs to take
the protein localization into account. As for MMPs, our model is simplified by considering a
given function for the protein localization. Introducing this function and modifying the data,
pseudopodia model will be similar to invadopodia model. In each biological situation, more
realistic complexification of the model will be addressed in forthcoming works, without changing
the main structure of the model.

1.2 Simple model for protrusion formation and main results

Our model describes the protrusion formation process. It is schematized by the scheme of
Figure B} for a given distribution of MMP enzymes, a flux of ligands ¢* resulting from the
matrix degradation is generated on the boundary of the membrane. These ligands diffuse in
the extracellular medium and, when bound to the cell membrane, generate a signal o, which
diffuses inside the cell. The membrane motion is then driven by the velocity, which is given by
the gradient of the signal. More precise models, that involve the production of MMP enzymes
and other complex biological phenomena such as precise actin polymerization, as modeled by
Mogilner [I3] for instance, are not addressed in this paper. The new insight of the modeling lies
in the description of the cell membrane as a free-boundary, which is driven by the gradient of a
specific chemical signal: the membrane location is an unknown of the PDE systems, and does
not result a posteriori from the actin concentration.
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Figure 3: Schematic diagram of the molecular interactions involved in our model

1.2.1 Mathematical statement of the model

Let © be a bounded domain of R?, with smooth boundary 9. Denote by Iy the initial location
of the cell membrane parameterized by (p, which is assumed to be smooth enough. Let g be
a given function, smooth enough, defined in Rt x €, which corresponds to the concentration
of MMPs. The location of cell membrane T’y is supposed to be parameterized by the counter-
clockwisely oriented vector-field ¢ and we define respectively by O and Of the cell cytoplasm
and the extracellular domain, see Figure [4]

Figure 4: Geometry of the problem. The cell O! is imbedded in the bath Of. The whole domain 2
does not depend on the time variable. It is defined by Q = Of U O}.

The PDE system satisfied by (, ¢*, and o reads

Clt=0 = Co, and 8¢ =Vo(((t,0)), Vt>0, VOeR/27Z, (1a)

where V¢ > 0, one has

A" =0, z€0Of, (1b)
c*log =0, —0Onc*|r, = glr,, (Lc)
Ao =0, tel0,T], =< O (1d)
olr, = ¢r, . (Le)

Here above O! denotes the domain enclosed by ¢((t,-), and we define Of = Q\ OL.

Remark 1 (Eulerian formulation). Another interesting way to formulate equation , espe-
cially for numerical purposes, is to use the Eulerian framework: T'y is then described as the zeros
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Free boundary problem for cell protrusion formations 7

of a level set function ¥(t,-) defined in Q, and whose transport is given by
(O +Vo-V)p=0 tel0,T], €O, (2)
and then the inner and outer domains are stmply given as
Oi ={x € Q:9(t,x) > 0},
Of ={x e Q:9Y(t,x) <0},
_VY
IVl

Such FEulerian formulation makes it possible to use in a simple way Finite Difference schemes
on Cartesian grids. The numerical methods used in our simulations as well as the results are
precisely described in Section [3

Iy ={zeQ:¢(z) =0} n=

Remark 2. Model holds for invadopodia formation, since the MMPs generate an outer flux
of ligands. For pseudopodia formation, the chemoattractant diffuses far from the membrane,
and the proteins that amplify the signal are localized at the front of the cell, through a complex
chemical process described by Ridley et al. in [T7]. Therefore, the boundary conditions and
the advection equation should be replaced respectively by

C*|5Q =9, aIIC*|1—\~, = 07 (3&)
¢ =rVo(((t,0) te][0,T], (3b)

where g denotes now the source of chemoattractant in the extracellular domain, and k is a smooth
positive function, which localizes the cytoplasmic proteins that amplify the signal inside the cell.
These modifications in the model given by will be included in pseudopodia simulations, but
they do not change the well-posedness result.

1.2.2 Well-posedness under specific sign condition

From the theoretical point of view, we first state that our free boundary problem is well-posed
under a specific sign condition on the data.

Theorem 3 (Well-posedness of the problem). Let Q be a smooth domain of R? which strictly
contains the unit disk, and denote by Ty the initial location of the membrane, given as a pertur-
bation of the unit circle : Ty = {e¥ + & (0), 6 € T}.
Let s > 3, and let g € WH°(RT; H*T1/2(Q)) such that for a given o > 0, and M > 0,

g(t,d?) >a>0, ||g||W1’°°(R+;HS+1/2) <M. (4)

There exist d > 0 and T > 0 small enough such that if
ol mrs(T) < 6,
then, there exists a unique solution (C,c*, o) on (0,T) to problem such that
¢ € L¥(0,T5 H(T)) N L*(0, T; H**(T)),

and for almost any t € (0,T),

e HPY2(09), o e HTV2(0)).
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8 Gallinato € Poignard

Remark 4 (On the assumption of small data and the bidimensional framework). We provide
the proof in a bidimensional framework and using the tools of Nalimov, Yosihara, and Iguchi [17)
[23,[6]. We are confident that the result holds in 3D thanks to more complex tools, but this is not
the aim of the paper, which mainly deals with modeling. In addition, according to the papers of
Lannes et al., the smallness assumption on the H® norm of the datum g seems technical. However
we prefer to present this point of view to provide the heuristics of the quasilinearization. It is also
worth noting that the approach we choose in this paper is valid only for the bidimensional case
in which complex analysis provides a nice tool to define the integral operators. The extension
of Theorem [3, without smallness assumption in the 3D, using the advanced and technical tools
developed by Lannes will be investigated in forthcoming works.

1.2.3 Numerical simulations illustrating biological phenomena

Let present here the main phenomena that can be accounted for by the model.
A plot of an invadopodium simulation is provided in Figure An accumulation of ligands
(dark grey) can be observed around the membrane area where MMP enzymes are concentrated

(Fig. [5(a)). Consequently, the signal accumulates in the adjacent cytoplasmic area (Fig. [5(b)),
and leads to the actin polymerization and thus invadopodium growth. Obviously, the simplified

e

(a) Ligand diffusion. (b) Focus on the in-
vadopodium.

Figure 5: Invadopodia simulation.
model gives simplified results, particularly as regards the protrusion shape. For example, as
the diffusion of the signal generates a smooth velocity, the membrane is rounded at the root
of the invadopodium, unlike what is observed in biological experiments (Figure [1). Figure |§|

shows a simulation of a pseudopodial projection, at the leading edge of the cell, in response to
a chemotactic signal which is diffused from the right boundary of the domain. Both simulations

Figure 6: Simulation of a pseudopodial projection.

give an idea of the various changes in morphology of metastatic cancer cell during the invasion

Inria



Free boundary problem for cell protrusion formations 9

and migration. Finally, note that both processes can be concomittents (filipodes at the front
of the pseudopodial protrusion) and that critical processes involved in migration (binding to
collagen fibers at the front of the pseudopodial protrusion, myosin-dependent retraction of the
cell rear) are not considered in this study.

1.3 Outline of the paper

The main difficulties from both theoretical and numerical point of view lies in the fact that the
velocity of the cell membrane is driven by the gradient of the signal o, which leads to an a priori
loss of regularity (and thus a loss of numerical accuracy). The aim of this paper is to provide
the tools to tackle such difficulties.

We first present in Section [2] the main arguments that lead to well-posedness in 2D. They are
based on the same arguments as Yosihara’s and Iguchi’s approaches [0} 23], taking advantage of
the bidimensional configuration. Thanks to the Lagrangian formulation and the use of complex
analysis tools we provide the Dirichlet-to-Neumann operators in both inner and outer domains
that make it possible to rewrite equivalently the free boundary problem on the torus R/27Z
as provided in Lemma We then perform a quasilinearization of this equivalent problem in
Subsection [2.1] which leads to the well-posedness result under a sign condition of the datum
g. The sign condition under which holds the well-posedness is similar to the Taylor criterion in
water waves [9, 23] [6] under which Taylor instabilities occurs. We conclude by presenting the
numerical methods we use to compute our model in Section We illustrate numerically that
instabilities appear if the positivity of g is not satisfied and we show numerically the protrusions
formation. In Appendix [A] we show how the well-posedness of the quasistatic 2-phase Stefan
model can be tackled thanks to our approach.

2 Mathematical analysis

In order to prove the well-posedness of Problem , we use the same strategy as developed by
Yosihara and Iguchi in [23] [6]. More precisely, using the Lagrangian form of Problem , we
prove the well-posedness for small data around the unit circle, meaning that the free boundary
~(t) for ¢t € [0,T] is in a neighborhood of the unit circle T'y:

70 = {Co(0) == €, 0 €[0,2x]}.
Let parameterize I'; by ( as
Iy = {C(t,0) := Go(0) + £(¢,6), 0 <[0,27]}. (5)
The outward normal n to I' is given by

1

09¢2
n—
|06 (|

DpCt, with 0p¢t = (—c%ﬁ) = 0pCy + OpE™.

For the sake of simplicity, we suppose that the outer boundary 9f2 of Q is the circle of radius
Ry > 1. As shown in [6], the following proof can be extended to other smooth geometries but
this complexifies the calculations.

We introduce the following useful notations:

Notation 5. We generically denote by L* and H®, for s > 0, the Lebesgue space L*(T) and the
Sobolev space H*(T), respectively.

RR n° 8810



10 Gallinato € Poignard

For any f € L*(T), we denote by fk its k' -Fourier coefficient defined by

. 1 2

fo=— f(@)e=*%4p.

:27T 0

H? is then defined by

H* = {f €LXT), D (+[KP Al < +<>O}

kEZL

We denote by Py the projection on the constants:

1 27

Pof =50 | fe)de=fo, Vel

The Hilbert transform H is the zeroth order operator defined as

Hf = Z(—z sgn (k) fre™™®, Vf e L2

kEZ

For A > 0, we denote by Ra/\lDl the smoothing operator

R0—>\|D|f — ZR(;Mklfk@ike.

kEZ

We remind the definition of the functional spaces Lo(r, s;7) introduced by Yosihara (Defini-
tion 4.21 at page 70 of |23]):
Definition 6 (The spaces Lo(r,s;7) of Yosihara [23]). Let s > 0 and (r,7) € [0, s]2.

We say that an operator B(§) depending on & := (£n)n=1,.4 € (H*)* belongs to Lo(r,s;T) if
there exist Cs > 0 and C; > 0 such that the following two estimates hold

IBEflls < Csllglslflle,  VF € HT, V¢ € (H*) s.t.|lg]ls < Cs, lIg]l- < Cr, (6a)

and for any (€°,6%) € (H*)* x (H®)* such that ||&7]|, < Cr, and ||&7]|s < Cs, for j =0,1:

IB(E*)f = BENflls < Cslle® = sl £l Vf e H. (6b)

The following lemma links the tangent and the normal components of the gradients of ¢

and o, solutions at any time of the time-independent elliptic problems 1D and 1D
respectively. Therefore we fix the variable ¢ and omit it in the notations.

Lemma 7 (Linking the normal component of the gradient to the tangent component). Let s > 3.
Let ¢ be defined by , with €& smooth enough. Let ¢* and o be the solutions to f and
f respectively.

There exist two 0" -order operators L; and Lo such tha
(Vo (C) - 9eC5] = Li(€) [Va(C) - ool , (7a)
[Ver(€) - 9G] = Le(€) [V (() - 9oCy] - (7b)

LObserve that for & = 0, ' is the unit circle and the relations are consistent with a simple calculus in
Fourier series.

Inria



Free boundary problem for cell protrusion formations 11

These operators are defined as

Li(&) =H + A1 (6), (8a)
1- Ry
Ee(g) = HTJZ‘Dl,H + A2(€)7 (Sb)

where the operators Ay and Az belong to Ly(2,s;2).

Remark 8. For¢ =0, I is the unit circle and simple calculations in Fourier series imply that the

inner Dirichlet-to-Neumann and the outer Neumann-to-Dirichlet maps are nothing but L; = H
2|D|

1-R; . . .
and Lo = ——255:H respectively. The above lemma generalizes these formula to a non-circular
e 1+, 31D]

geometry.
Proof. The proof follows the part 4 of Iguchi’s paper [6]. Define the function z and w as
2(0) = (o (0) + £(A), and w(h) = Ree®. (9)
We identify R? and C. Let F; and F, be defined by
Fi(z) = 0z0(2) —i0y0(2), Feo(z) = 0, (2) — 10yc™(2),
and define the functions of the variable 0, fi, fo and ge, as
fi(0) = Fi(2(0)),  fe(0) = Fe(2(0)),  ge(0) = Fe(w(0)).
First remark that
R(e' fi) = Volc - 9p¢y S(e” fi) = —Volc - oo, (10a)
R(efe) = Ve*lc - 0pGy S(e fe) = =Vl DpCo (10b)

Observe also that the Dirichlet boundary condition on c¢* implies that the tangent gradient
of ¢* vanishes on 2}

N i —sinf
Ve* (Roe) - ( cos 0 > =0, (11a)
hence
e—if
W0 € [0,2n]\ {£7/2},  ge(0) = = Du’|Rpero, and Dpc"|win, = 0. (11b)

Since F; and F, are holomorphic, for any zy € I' the Cauchy-Riemann formula implies

1 !
Fi(z) = —p.v. Fi(z) dz,
v r 22— %o
1 F 1 F
e Ly [ Bl L[ EG,
' r 2= %0 1T Joa W — 20

2Note that Iguchi introduced the notation
Wér) - iWe(G) = ge(0)e,
and thus equation reads WC(G) = 0. If 90 is a perturbation of a circle, 92 = {Ro(l +b(0))e'?, 0 € T},

then, due to homogeneous Dirichlet condition on 92 we deduce We(g) = %We(r). In [6] homogeneous Neuman

condition is imposed, which leads to W (") = %W(e) as given by equation (4.2) page 534.
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12 Gallinato € Poignard

and for any wg € 992 we have

Fo(wo) = .ip.v./a de - 1/FFe(Z)dz.

T Q W — Wo T zZ — Wy

Writing zg = 2(0) and wy = w(f), the above integrals read respectively, for any 6 € T,

oy L . T file) dz a
10 = 50w | a4 2e)
_ _ i v o fe() % . i o ge(p d;w
10 = ov | g a e w ), w a0
_ i v o e () di'w _ i o fe(y) % c
wt)= o [ S Rm B R, e i 0

According to (9)), since (o(6) = €', one has

= -

1 dz(p) ieie d log <ew — e 4 £(yp) — g(@)) |

2(p) — 2(0) de el — it % elp — et
1 dw(p) iel® 0 Roe'® — e — £(0)
= — ——— + +—log . - ,
w(p) —z(0) dp el — Ryte®  Op Ropetv — et
1 dz(¢) iel® N 0 o e’ + £(p) — Roe'®
2(p) —w(f) dp el — Roe® = ¢ & el — Rpet? ’

and obviously,
1 dw(p) ie'?

w(p) —w(@) de e —eil’

Note that the above decompositions are useful since for small &, the second terms of the right-
hand sides are small, and thus the leading parts are driven by the first terms independent of &.
Moreover, as mentioned by Iguchi, one has the following characterization of the leading integral
operators, for any f € L*(T):

1 et i ;
EPV\/O Wf(@) dsﬁ =e Q(ZH — PO)[S ef], (13)
1 [ e’ —i0 +q, p—|DI+1 ~|D|+1 i
), Gv_Riael Wde=e (ZHRO + (R - RoPo)) [f], (14
0
1 (7 et

poel s ey e EAC) dp = e (irRy Pt = (R 4 BP0 ) 7). (1)

To simplify the notations, we set

jo =iH — 730, (16&)
Ko = iHRy P 4+ (RyPIHY — RyPy) = KF + K5, (16b)
Lo =iHRy P17 — (RPN 4 RyPy) = LR +iLd. (16¢)
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Free boundary problem for cell protrusion formations 13

We also introduce the 3 integral operators with complex symbols:
2m

BAOSO) = —— [ b(6,0:00,(0)do,

0
where b; are the complex-valued functions defined as

ip _ 0 _
b, 0:6) = 1og<e o e 6(9)>, a7)
ip _ il _
b2<@7 07 5) = 1Og <Roe};‘;eitp€ 6205(9)> ’ (18)
bB(wa 9; é-) = 10g (eup :—if(w)]f;e];’oelw> ' (19)
Thanks to these operators, equalities read now

[(6) = e Tl ] + (Bi () £)(6), (20a)

—fe(8) = e To[e" fo] — e Kol ge] + (B1(€) fe)(8) — (Ba(€)ge)(6), (20b)

9e(0) = e " Tole’ ge] — e Lole” fo] + (B1(€)ge) (6) — (Bs(€) fe)(6).- (20c)

It is crucial noting that thanks to classical Sobolev embedding, and similarly to Lemma 5.11
page 549 of Tguchi’s paper [0], for k € {1,2, 3}, the above operator By, belongs to Ly (2, s;2), for
s > 3, which means that they satisfy (6) with » =2, 7 = 2, for any s > 3.

According to @ the norm of B;(€) as an operator on H?(T) is bounded by the norm of ¢ in
H*(T). Therefore for ¢ small enough in H* the norm of R(e? B (£)e~%) is also small, bounded
by ||€]|zr+ and thus the operator 1 + Py — R(e?B1(£)e~ ") is a perturbation of 1 + Py which is
invertible. Thus 1+ Py — R(e?B;(£)e~") is also invertible and one has

(1+Py— %(eieBl(f)eﬂo))fl - <1 — ;'Po> € Lo(2,5;2), foranys > 3.

Denote by
T(€) = To+e”Bi(E)e
K(€) = Ko + €"Ba(§)e
L() = Lo +e"Bs(E)e, (23)
and define, for n = 1,2, 3 the real integral operators AX(¢) and AJ(¢) by
AR (€) +iAT () = e“Bp()e ™.

Noting that thanks to equality , ¢?g, is a real-valued function, multiplying (20d) by e?
and taking successively the real and the imaginary parts, we infer the relations between g, and

Je:

—1i0
)
—1i0
)

1+ Py — AR)eilg, = — (HR*|D|*1 + A?) Ve - 95Co
(24a)
+ (R(;'D‘*1 + R3Py + A;R) Ve -

(H+AD) g = (HR™IPI7 4 A7) Ve 06

—|D|-1 1 Did (24b)
+ (Rg"”I™t + RGPy + AF) Ve - duco.
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14 Gallinato € Poignard

Thus we obtain

e 1(0) = T (O £1(6), (25)
e 1.(0) = TR0 +K©O{1 - R (7)) [R(©E7L])]. (26)

Taking the real part of (25), using leads to
(1+Po = AT(€) [Vo () - 90Cy ] = (H + AT (€) [Va(S) - Do) (27)

from which we infer by setting
Li(&) = (1+Po = AT(E) ™ (H+ AT Q) = H+ Ai(9).
Similarly, using the definition of Ky and £y and observing that
HPy =PoH =0, HRy"' = ry"Pn,
by taking the imaginary part of and using (24), we infer that there exists Az (&) such that

—2|D|

Vo - oo = <L:§2DH + Az(f)) Verle - 9nGy-
It is clear that as the operators By, for k = 1,2, 3, the real-valued operators .4; and As belong
to Lo(2, s;2), which ends the proof of Lemma O
Remark 9. Note that taking the imaginary part of , using leads to
(1+Po = AF(€) [Vo(Q) - dpGo) = — (H + AT(9)) [Vo(O) - dny'] - (28)
Remark 10. Using the fact that 0;C = 0:&, equation and the above lemma tmply that
i€ - 0pCy = Li(€) {:€ - BoCo} -
‘We now rewrite the nonlinear systern in terms of X; and X5 defined as
X1 =E-09Cy,  Xo=E- 9o

Using this change of variables, the following equalities hold

Or& = 01 X20pCo + 0, X100(5", (29a)
0p€ = (89 X2 + X1) po + (99 X1 — Xa) By, (29b)
Dptt = — (99 X1 — X2) BpCo + (99 Xa + X1) (it (29¢)

Since 0y = Oyl + Fp&, we show in the next lemma that the system can be rewritten in terms
of X1, X5 and their derivatives.

Lemma 11 (Equivalent problems). Problem is equivalent to the following nonlinear problem
written in terms of (X1, Xs):

0y X1 = Li(§) {0: X2}, (30)
w(l F X 4 9pXs) + —L (99 X1 — Xo)

96| 12214 (31)
_ 01C - OpC - 9

—ﬁe(f){w(anl X2) |89<|(1+X1 +69X2)},

Inria



Free boundary problem for cell protrusion formations 15

where

106¢| = /(1 4+ 06 X2 + X1)2 + (06 X1 — X2)2, (32)
8tC~5gC:3tX2(1+39X2+X1)+8tX1 (89X1 7X2) (33)

Remark 12. We thus have reduced our free boundary problem to the equivalent nonlinear system
— on (X1, Xs) set in the domain (0,T)xT. The well-posedness of this equivalent problem
will thus lead to the well-posedness of our free boundary problem. The advantage lies in the fact
that the involved operators are now better understood thanks to Lemma[7

Proof. Equality comes from Lemma [7|and Remark Differentiating with respect to
0, we have

80<(t7 0) : VO’(t7 C(t7 0)) = 894- . VC*(C)u
and thus thanks to we deduce:

96C - 9C = 0pC - V*(¢)-
The second equality of reads then

(90C)" - Ve = —[9pClg(t, ((t,0)).

Therefore we obtain the following expression of Vc*(¢):

N 1
Vet (¢) = ENE ((06C - 99C)D9C — g]pC|0pCT)
Thanks to and using the equalities we deduce equation (31)). O

2.1 Quasilinearization

Following [6], we quasilinearize the system (30)—(31). Let Y = (Y;);=1,4 be defined by

Yi=X1, Yo=Xo, Y3=00X1— Xy, Yi=0X2+ Xy,

and set
W = &ng.
From , we get
oY1 = Li(Y){W}, (34a)
0:Ys =W, (34b)
3tY3 = agﬁi(Y){W} — VV, (34(3)

The following lemma is straightforward.

Lemma 13. Let s > 3. Suppose that W € L?(0,T; H*™Y) and let Yo € (H*(T))*. Then the
solution Y to with the initial condition Y|—o = Yq is such that

Y € L>=(0,T; (H*(T))*),
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16 Gallinato € Poignard

and
1Y (| oo 0,7 2= (my)2) < | Yoll(arsmyyr + CVTIW || 220,741 (1)) -

Moreover, if (W, Ws) € (LQ((),T;HS“))2 and Yo € (H*(T))*, then the corresponding solutions
Yy and Yo satisfy:

11 = Y|l poo (0,752 (m)4) < CVT W1 = Wallp2(o,7sm15+1.(T)) -
It remains to obtain the nonlinear equation for W. Equation reads now

FE Y)W + FL(Y)Fa(Y) Li(Y){W} + Fa(Y)g(t, ((t,0)

> (35)
= L(Y) {FL(Y) (Y)W + F{(Y) Li(Y)W — Fy(Y)g(t,¢(t,0) }

where F; are given for i = 1,2 by

1+Y, Y-
Fi(Y) = = Fy(Y) = >

VA +Y)2+ Y7 VA +Y)2+Y7

Similarly to Yosihara’s and Iguchi’s papers, differentiating the above equation with respect
to t, we infer the following equation for W:

1
RW + 291 HOW = [f(g,009,Y, W, 0W), (36)
+

RO—Q\D\
where f is such that there exists C' > 0 such that if Y and g are small enough in (L>°(0,T; H*(T)))%,
Wheo(0,T; H5+1/2(Q)) respectively, one has the following inequalities for any W small enough
in L°°(0,T; H*) N L2(0,T; H*+Y)

LFCo Y W, 0W) 2o sy < C(VTIW |l o 23010y

(37)
HIY o o739y IW 20,551 )
(- s W1, 00W1) — f(- .Y, Wa, 0gWa)llL2(0,7;m5) < C<ﬁ||W1 — Wall oo (0,7; 1) s
HIY |z 0,519 [|W1 — W2HL2(O,T;H5+1))7 %
where the dots - - - hold for the variables (g, d;g,Y). For the sake of conciseness, we do not make

explicit the expression of f in terms of F} and F3, but as in Yosihara’s and Iguchi’s papers, this
function has clearly the above properties.

The main difference with these works lies in the partial differential equation satisfied by
W := 0;Xs. Actually, neglecting the non-linear terms of we observe that the equation is
parabolic since the symbol of H0y is

ﬁHae(k) = k|, keZ

Moreover one can easily check that due to the hypotheses on g at Theorem |3[that we recall
here:

g€ Wl,oo(R+;Hs+1/2(Q)
V(t,z) eRxQ, g¢g(t, )

llgllwr.oo mt;mras1/2(0y) < M, for a given M > 0,

),
«, for a given a > 0,
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Free boundary problem for cell protrusion formations 17

the time-dependent operator (A,, H') defined as

A, ¢ (tw) € RT x HY v 2¢g(t) Hopw,

1+ Ry P!
is m-accretive in the sense of Kato [§] since it satisfies the following properties:
1. D(Ay) ={ue HY?: Hopu € L?} C L? does not depend on the time ¢.

2. For almost any ¢ > 0, (A,(t), H') is m-accretive. This easily comes from the fact that
(HOpw,w) = ||w — [L w32, therefore for any X > 0, one has

’U*/”U
T

Moreover for any A > 0, for any f € L?, the equation

2

[0+ M, ()0]25 > [[v]|22 + 4o +40”[|0gvl|72 > [[v]|7--

H1/2

u+ A (H)u = f,

has a unique solution since the bilinear form
a(u,v) ::/uvd0+)\/Ag(t)uvd9,
T T

is continuous and coercive on H'/2 thanks to (@), and thus Lax-Milgram lemma provides
the existence and uniqueness of u in D(A).

3. Finally, for almost any (¢, s) € (R*)? one has

and thus once again thanks to , one has

||g||W1,m(R+;H5+1/2)
It — sl(
«

Ay (t)v = Ag(s)vlze <

L+ [[oll + [l Ag(s)vl)-

Therefore the 3 conditions of Kato’s paper [] are satisfied and thus the time-dependent equation
Opw + A, (t)(w) = f admits a unique solution for any f € L*(0,T; H'/?).

In the following, we focus on the energy estimates in order to prove the well-posedness of the
quasilinearized system, thanks to the use of a classical fixed point method.

Lemma 14 (A priori energy estimates). Let s > 3 and a > 0. Suppose that there exists a
2r—periodic solution W € L>(0,T; H*tY/2) 0 L?(0,T; H**') satisfying equation with the
initial condition Wli—g = Wy. Then there exist M > 0 and T > 0 small enough such that if
Wo € H5(T) and if Y and g satisfy

Wollers < M, Y[ 0,m3m5) < M,
g € Whe(0,T; H*P2) « g(t,x) > a, V(t,z) € (0,T) x Q,
then the solution W satisfies:
sup |[W(t, )| ges1/2 + ||WHL2(O,T;HS+1) < M.

te(0,T)
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18 Gallinato € Poignard

Proof. The proof is standard, thanks to the embedding H® < L* for any s > 1/2 and using
the fact that
(W.HOW) = [W = W|a.

More precisely, multiplying first equation by W and integrating by part in the space variable
lead to

1d

= d
3 VIR +alW = Wi < ZIWIE + [ g WHALW db,
2dt dt T

1+ Ry 1"
< [ \rwias,
T

from which we infer that for M and T small enough,

sup ||W(t7)||L2 <M, HW||L2(O,T;H1/2) < M.
te(0,T)

Similarly, multiplying by HdgW we infer that for M small enough:

1d - 1 -
5t IW = WiE + salW = Wi < [ |ruoaw i,

and thus we infer that for M and T small enough,

sup HW(tv')HHl/Z < ]\47 ||W||L2(O,T;H1) < M.
t€(0,T)

Deriving until the order s the equation with respect to ¢, and denoting by Z := ;W we
obtain

07 +2g HOZ = G,
1

+ Ry P!

where the right hand side is in L?(0,T; L?) according to (37). The estimations

T
/ / GZId0 dt < |Gz e 2l 0,
0 T

< (M + VT Z| 2207815

and

T
| [16manziasdr < 1Glsaran |12l oz,
o Jr
< (M+ \/T)”Z”%?(O,T;Hl),
imply that for M and T small enough,

sup || Z(t, g2 <M, | Zllr20,1m1) < M,
t€(0,T)

which ends the proof. O

The contraction estimates are obtained in the similar manner.
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Definition 15. Let M > 0.
We denote by Vi the subspace of L>(0,T; H*tY/2) N L2(0,T; H**') defined by

we L®0,T; H2) N L0, T H*H)
Vi sup u(t, M gesie < M, |Jullz0,rme4y) < M [
te(0,T)

For the sake of conciseness, we leave the proof of the following lemma to the reader, since it
is very similar to the above a priori estimates.

Lemma 16. Let ® be the mapping from L>(0,T; H*TY/2) N L2(0,T; H*t') into itself defined by
O(U) := W, where W is the solution to

KW +2g HOW = f(g,0r9,Y, U, 0pU). (39)

1+ Ry P!

There exist M and T small enough such that ® is a continuous and contracting mapping from
Vi into itself.

Using the above lemmas 114] leads straightforwardly to the following theorem, thanks
to a classical application of the fixed point theorem.

Theorem 17. Let s > 3. Let M >0 and T > 0 small enough. Let g € Wh*°(0,T; H*+t1/2(Q)),
let Yo € (H*(T))* and Wy € H*TY/2(T) such that

gllw .00 (0,75 5+1/2) < M, [Wollget12 < M.

Then, the quasilinearized problem f with the initial condition (Y,W)|i=o = (Yo, Wo)
admits a unique solution (Y, W) such that

Y e L*(0,T; H?), W € V. (40)

In order to obtain the well-posedness of the initial free boundary problem, it remains to show
that (Y7,Y2) are effectively the (X1, X») solutions to problem (30)—(3I). This is quite obvious
since the first two equations of imply that is satisfied. Moreover, at the initial time W
satisfies equation and by construction of the equation for 0;W this equality is propagated
at any time. Since we clearly have W = 0;Y5, Y3 = 9pY; — Y and Y3 = 0pYs + Y7, we infer that

Y1 and Y5 satisfy 7.

3 Numerical methods and simulations

In this section, we describe the first-order 2D-Cartesian method used to solve Problem in
the Eulerian form, meaning that is replaced by . It is based on level set [I5] and finite-
difference methods on Cartesian grids. The discretized differential operators are derived from
centered stencils, on each subdomain delimited by the interface, using the ghost-fluid method
[3.5]. The static subproblems — and — are approximated by methods with second
order of accuracy, which is the natural choice for Poisson’s problems. Nevertheless, the overall
method is first order accurate due to the complex coupling. It is presented as follows:

e Poisson-Neumann problem (Ib)-(Ld) in the exterior area (ligands),
e Poisson-Dirichlet problem ([Ld)-(Le) in the interior area (signal),
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20 Gallinato € Poignard

e Extension of the velocity for the transport of the level set function (Lal).

We first give the different numerical schemes used to solve each subproblem, and then we provide
some convergence results, with observations about the relevance of Hypothesis (4). Finally, some
numerical simulations are presented with a source satisfying Hypothesis , that make appear
the invadopodia or pseudopodia-like protrusion formations.

Notation 18. The Cartesian grid is the natural choice to avoid remeshing at each iteration, as
the interface evolves, in particular for parallelization purposes.

e The space steps éx and dy are denoted by h and such that
h =dx = dy.

Thus, an accuracy of order p in space must be interpreted as an accuracy at the rate p, like
O(h?).

o The time step is denoted by §t and the time discretization is defined by

t" = ndt.

e The discretized differential operators are denoted by A", V" and aﬁh for the Laplacian
operator A, the gradient V and the normal derivative Oy, respectively.

e Throughout the paper, the following notations are used:

— The grid nodes are denoted by x; ;,

— i ; denotes the approzimation at the point (t", z; ;) of any function ¢ defined on (2,

— QP denotes the set of grid nodes,
- Ofﬁh and (’);;,,h stand for the sets of grid nodes (t",x; ;) where ¥}'; > 0 and P}'; <0,
respectively.

— cl, o, " and n" are the numerical approzimations of ¢*, o, ¥ and n,

— Tk, is the set of the intersections of the grid aves and the level 0 of the numerical level
set function " at the time ",

— When j (and n) does not play a role in the numerical stencils, we write @; and x;
instead of ¢}'; and x; j to lighten the formulas.

3.1 Static subproblems
We first present the numerical methods used to tackle the static problems ([1b)- (1) and (Ld))-(Le).

3.1.1 Exterior static problem - with a Neumann boundary condition.

In order to discretize the equation and handle the Neumann condition for the exterior
problem, that stands for the ligand diffusion, we propose a Cartesian approach strongly inspired
by Cisternino and Weynans in [2]. The Laplace operator is discretized thanks to the well-known
Shortley-Weller scheme [20] that is consistent of order 1 near the interface and of order 2 at
the other grid points (regular points). This scheme can be built near the interface thanks to
the ghost fluid method (see Fedkiw et al. [3] for more details), computing the ghost values with
quadratic extrapolations. For instance, the scheme for the second z-derivative is given by (as
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Free boundary problem for cell protrusion formations 21

Figure 7: Ghost-Fluid method for the points near the interface.

mentionned before, j is omitted)

h hoy b
Ciy1 =26+l

8235(:? =2 e , at the regular points of O%", (41)
2 2 2 s
8&0? = W crn — NS c? + 0+ 0.7 C?_H, in O*", near T, (42)

where 6,h denotes the distance of the point x; to the numerical interface I'* in the z-axis direction
(see Figure E[) If the case 0, = 1 occurs, we have cprn = c?_l. The scheme is then equivalent
to the standard 3-point stencil scheme . Conversely, if 8, = 0, the point x; is an interface
point and does not belong to O%".

The main difficulty of the method lies in the computation of the interface values cr», from
the Neumann condition. The flux condition at the interface is discretized by evaluating the
derivatives of ¢" on I'", where V" is not defined. We therefore introduce new operators 8" and
(“)5 h, that are directly or indirectly computed from other grid points, depending on whether the
interface point belongs to the x-axis or to the y-axis. The key point lies in the stencil continuity
that avoids introducing new unknowns on the interface. In Fig. [8] the point A is on the y-axis

Figure 8: Interface derivative.

and the indirect z-derivative 9% hc?h is computed at the order 2 from the values céh, cft, and ¢,
still using the ghost fluid method and quadratic extrapolation:

ef —e* =B 4o -

2h 2h ’
where ¢® is a ghost value, which is extrapolated at the order 3 from c?h, cft, and c4. The
intermediate values cf and ci are then interpolated at the order 3 from the known values of
neighboring points (see Fig. [9(a)). To ensure the continuity in the stencil arrangements, at the

points A and B for instance, the direct z-derivative 0% hc{?h

Fh, A
0, Crn =

is computed in the same way:

730113,1 +4cP —cB
2h ’

rh B
8$ th' =
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where the intermediate values cf and ¢’ are interpolated from the known values ¢; j, ¢;11,; and
Ci+2,5, which gives
—3¢fh + 0,502 (5+302)cij — (302 +20, —4)cir1,; — 0,5(1 — 02) (24 302) ciya,j

2h '
Thus, if 6, tends to 0, both points x?h and :z:?h converge towards the point x; ; and both stencils

Fh A Fh B
of 0, cf and 9, cp, tend to

r" B
Bz Cl"h =

-3 Cij + 4Ci+1,j — Ci42,5
2h ’
which defines the stencil continuity. An example of complete stencil is shown in Fig.

NG _
8m Crh =

(a) Complete stencil with our modified (b) Stencil with the native method.
method.

Figure 9: Two different discretizations of the Neumann boundary condition.
The flux condition on the interface is then given by

aF

xT

r
T

hCFh nt" +85hcph ngh = —th, (43)

where g"' " is known at the order 2 at least. The normal components ngh and ngh are interpolated
at the order 2. Thus, the required value cpn» is obtained from and can be introduced in
expression to compute the numerical solution in the exterior domain. This continuous
approach is different from the approach of Cisternino and Weynans. It avoids considering new
interface unknowns and is stable when the interface is very close to a grid point. However, it is
worth noting that the stencil is three point larger than in the native method and that the code
parallelization needs an additional layer (Fig. E[)

3.1.2 Interior static problem with a Dirichlet boundary condition.

The interior problem, that stands for the signal diffusion, is solved using the usual discretization
of the Laplace operator at the regular grid points and a scheme built from linear extrapolations of
the ghost values, at the points near the interface. This scheme has been studied by Gibou et al.
in [5]. As in the previous paragraph we provide the discretization for the example of
Figure [7}

h h _h
o1 — 207 +0i

o ot = = , at the regular points of O*", (44)
1 146, 1 o
o ot = 72 ol — WS ol + N orh, in O near I. (45)

Inria



Free boundary problem for cell protrusion formations 23

As pointed out by Gibou et al., the linear extrapolation of the ghost value gives a non-consistent
second derivative (45)). However, the authors numerically highlighted that the use of an incon-
sistent scheme near the interface does not obstruct the second order accuracy of the method.
The interface values opn are directly obtained from the Dirichlet boundary condition if the data
is exactly known on the interface. If it is implicitely known from an exterior field, as in our study,
the previous remark ensures that an accuracy of order 2 on the boundary data ¢ preserves the
second order accuracy on ¢”. Thus, ops is computed by linear extrapolation from values of ¢”.
Finally, the approximate velocity v", which is the numerical gradient of ¢”, is computed with

Oy = u”%hui*l, at the regular points of O*", (46)
Oy = W’ in O%" near I, (47)

where is a usual first order discretization of the first derivative at the point near the interface.
In coherence with the computation of ¢”, it is built with the ghost fluid method and linear
extrapolations of the ghost value.

3.2 Issues of the dynamics: interface location and velocity extension

At each numerical time, the coupling of the exterior and the interior problems gives the velocity of
the interface. Then, the level set function, that defines implicitely the interface, is advected with
the usual forward Euler scheme, by discretizing the gradient of ¢ with a WENO5 scheme [IT],[7].
However, two main issues arise. As the interface moves at each time iteration, we need first to
update the value of 6, and 8, that are used to solve the static problems. Secondly, the velocity,
which is defined only in the interior area, needs to be extended to transport the level set function
in an appropriate way.

3.2.1 Computation of the distance to the interface

We have mentioned that the Dirichlet problem is second order accurate if the boundary condition
is also second order accurate. Thus, a second order accuracy on the interface location is consistent
with this requirement, which means that 6, and 6, should be computed at the order 1 at least.
For instance, the computation of 8, could be given by

i .
0, = ———, if xpn € [zi_1, 23], 48
S rr € [Tio1, i (48)
0, = — Y g € [on i, (49)
Yit1 — s

where 9; and ¥;_1 in , or ¥; and ;41 in are of opposite sign. However, computing 6,
at a given numerical time from 1, that is already second order accurate, adds another second
order disruption on the interface location at each subsequent iteration. In order to avoid the
accumulation of these errors, we choose to compute 6, at the order 3. This is consistent with
the fact that the third order extrapolations for the Shortley-Weller scheme require a third order
accuracy on the interface location.

Y™ is therefore approximated with a third order interpolation polynomial P in the Lagrange
form. Denoting by a h the distance between x; and any point x, of the z-axis, the polynomial
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P can be written as a function of «:

1 1
P(a) :6(%]‘1—2 — 3, + 3y — 7/’?-5—1)043 + 5( r— 2yl + %h+1)042 (50)
(0l 69l — 3l — 20l oyl

Then, 6, is solution of
P(a) =0,

and is computed with the Newton’s method, for which the initial term «q is computed with —

(49)-

3.2.2 Velocity extension

The extension of the velocity is a crucial point of the numerical method. The level set function
can be transported without generating discontinuities near the interface only if the velocity field
is smoothly defined across the interface and on the whole domain. It therefore has to be extended
on each area, from the interface. Several ways of extending the velocity beyond the interface are
possible. For instance, we can mention the fast marching method, introduced by Adalsteinsson et
al. in [1] or some narrow band approaches with level set reinitialization, as in [I12]. In this study,
we use a PDE method that is consistent with our overall PDE-based approach and avoids the
time-consuming process of level set reinitialization at each iteration. More precisely, we generate
an extended velocity field v in the whole domain by solving

VY-V =0, onQ, (51)
vV=yv, on T, (52)

which means that each component of the extended velocity will be constant along the normal
directions. The equation is discretized component by component, introducing the discrete gra-
dient operator V¢, which is based on upwind derivatives (from the interface to the rest of the
area). For example, to compute the z-component of the extended velocity 7" near the interface,
as shown in Figure we solve

~h

h
v — Uy

ag,ﬁh _ zvrh

T Vx,t Ha: h ’

where vﬁjrh is linearly extrapolated from the values of v in O%h.

Oe.h Oi‘h

Ti-1

Figure 10: Example of a forward upwind z-derivatives near the interface.

The classical first order upwind derivatives are used at the other points of O»" and ©¢".
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3.3 Numerical validations

We simultaneously present two test-cases in order to validate the numerical method and give
convergence results. The simulations are performed from a sequential code. The linear systems
are inverted thanks to a BiCGStab method. The computational domain is [70.5,0.5]2. The
main difficulty in validating the numerical method lies in the unavailability of any analytical
solution, due to the strong non-linearity of the problem. We therefore compare each solution to
a reference solution that is performed on a 500 x 500 mesh. Errors are computed at the final
time 7" = 1, when they are supposed to be maximal. Note that errors on 1" are computed on
a tubular area around the interface I'", so that the ridges generated by the velocity extension
are avoided and do not disturb the convergence rate computation. The convergence rates are
computed by linear regression, from the comparison between the errors on the current grid and
the coarsest grid. They are shown in graphs in logarithmic scale. For both cases, we define v
at the initial time as the signed-distance function of level 0 the circle of center (0,0) and radius
0.3. At each numerical time, the boundary data are given by

e test-case 1:

0.1
0.05+3eXp( — - ) if =17 << =81,
(0+45) (0 + %) ” "
V(r,0) €T, gi(r,0) = ( 0.1 > e =7 -5 (53)
’ ’ ’ 0.05 + 2 exp — p= if =55 <0< =28,
GrerE) E
0.05 otherwise.
e test-case 2:
V(z,y) €T, ga(z,y) =0.1 [2+4 cos (37 (x + y)) cos (7 (z + 0.3))]. (54)

At each time, the functions ¢g; and go satisfy the hypothesis , as shown in Figure [11] at the
initial time.

05 Test-case 1 Test-case 2
0.45 0.3
0.4 0.25
0.35
0-3 0.2
0.25 0.15
0.2
0.15 0.1
0.1 0.05
0.05
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Figure 11: Functions g° with respect to 6.

Plots of the reference solutions ¢” at ¢t = 1 (after 159 iterations for Test-case 1, 199 iterations
for Test-case 2) are provided in Fig. and give the general shapes of the cell at the end of
each simulation. The convergence results are given on Table [[]and in Figure As reported by
Table (1| we observe a first order numerical convergence for the unknowns ¢, o” and 9" of both
problems, in maximum norm.

The property of free-divergence velocity results in a good conservation of volume (see Figure 7
since variations are lower than 0.1%, of the order of h.

In order to stress Hypothesis , we perform the same simulations just by adding a constant
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00384

Eo,os

Zo01

°
8
3
T —
) )
E] B

Figure 12: Plots of ¢" at t=1 for test-cases 1 (left) and 2 (right).

ch oh e
mesh N error L° order error L order error L® order
test-case 1
64 x 64 21 3.77910~ % - 5.80710 4 - 2.80410 3 -
96 x 96 31 1.18810~*  2.86 1.86610~*  2.84 2.00810~%  0.90
144 x 144 46 5.6441075  2.34 7.423107°  2.56 1.1771073  1.11
216 x 216 69 9.44910~5  1.14 7.0921075  1.74 6.92510~%  1.18
324 x 324 103 4.309107°  1.34 3.47610°°  1.75 5.98010~*  0.97
test-case 2
64 x 64 27 2.39110~% - 3.19110% - 1.7751073 -
96 x 96 40 1.59810~%  0.99 1.51810~%  1.83 1.079103  1.23
144 x 144 59 77701075 1.39 8.51410~°  1.63 6.18010~%  1.30
216 x 216 87 4.852107°%  1.31 44471075  1.62 3.25110~%  1.40
324 x 324 130 1.68710°  1.63 2.05410~°  1.69 1.34010~%  1.59

Table 1: Numerical errors and convergence rates for Test-cases 1 and 2.

Test-case 1 Test-case 2
81071 210”7
m m
o o
b 2
” .
0 107 CETN
-3 -2 -2 -3 -2 -2
5.0x10 10 ° 1.5x10 5.0x10 10 1.5x10
space step space step

Figure 13: Convergence curves in L*-norm (® TN o WL 3 O'h).

(—0.1) to the data g; and gy given by and (54). These new data do not verify the positivity
condition and instabilities appear on the interface, at some locations where the boundary data is
negative or null (Figures. In particular, Figureshows that, for Test-case 2, g5 is null at
the point 6 ~ 3.26 and it can be seen in Figurethat instabilities appear around this position
and propagate along the interface. As regards Test-case 1, g; does not verify the condition of
well-posedness on large areas and the instabilities appear, especially in the regions where the
contraction velocity is higher as depicted by the white areas in Fig. These observations
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101 Test-case 1 1.01 Test-case 2
1.008 1.008

1.006 1.006

1.004 1.004

1.002 1.002

1

0.998 0.998

0.996 0.996

0.994 0.994

0.992 0.992

0-995 02 04 06 0.8 0-995 02 04 06 08

time time

Figure 14: Volume conservation.

Modified test-case 2

(a) Modified datum ga. (b) Test-case 2 at t = 1 (242 (c) Zoom near the instabilities
iterations). att=1

Figure 15: Modified datum g2 and numerical instabilities due to the violation of the hypothesis .
Light areas indicate higher contraction velocities. Black arrows show instabilities. In Fig. [L5(c)} the
zoom shows that instabilities occur in the region where the datum vanishes.

Modified test-case 1

0.35
03 n
0.25
0.2
0.15
0.1
0.05

-0.05

(a) Modified g1. (b) Test-case 1 at t = 0.36
(114 iterations).

Figure 16: Modified datum ¢; and numerical instabilities due to the violation of the hypothesis .
Light areas indicate higher contraction velocities. Black arrows show instabilities.
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seem to validate numerically Hypothesis [4] of strict positivity as a necessary condition to get a
well-posed problem.

3.4 Biological model behavior: invadopodia and pseudopodia simula-
tions

We present some visualizations of protusion formation, invadopodia and pseudopodial structures,
in order to study some behaviors of the model.

3.4.1 Problem 1: invadopodia.

The initial cell is an ellipse of radii 0.4 and 0.15. The exterior medium is assumed to be homo-
geneously composed of extracellular matrix, whose concentration value is constant and included
with the MMP concentration in the function g, given as the trace on I' of

0.1
(0+55)(0+ )
0.001 otherwise.

0.001+exp( ) if 22T <0< LT,

Y(r,0) € Q, G(r,0) = (55)

The simulation is performed until the final time 7" = 3, for 127 iterations. We can observe the
formation and growth of the invadopodium (Fig.|17(a)j17(d)). As the MMPs are very localized,
the ligands are locally produced and accumulate along the protrusion (Fig.[17(e)]). As expected,
they create a gradient of the cytoplasmic signal at the invadopodium (Fig. resulting in its
growth. The cell contracts in the areas that are not protrusive. This observation is supported by
the normal velocity values, that show protrusive and contraction areas. This phenomenon can be
mathematically explained by the divergence-free velocity, which results in a constant volume of
the cell (Fig. . As the protrusion occurs only on a small area of the interface, the contraction
area is large and the contraction velocities are weak. Consequently, the contraction movement
is barely perceptible. Note that, by construction, the boundary data g behaves in time as if the
area of MMP accumulation expands on the membrane as the protrusion extends. As a result,
the protrusion velocity decreases, indicating a tendency to invadopodium stabilization (Fig. .

3.4.2 Problem 2: pseudopodia-like projection.

For the pseudopodia simulation, we use the model including modifications given by ‘ The
initial cell is an ellipse of radii 0.24 and 0.14, and center (—0.15,0). The simulation is performed
with the data g given by

g(—=0.5,y) = 0.1, g(0.5,y) = 0.4 Yy € [-0.5,0.5], (56a)
g(z,—0.5) = g(z,0.5) = 0.25+ 0.3z,  Vz € [~0.5,0.5]. (56b)

The localization function « is given at each time t" as a function of o:
k™ =0.001 + 0.05 (1 + tanh (A(c™ —3"))). (57)
The signal o gives the polarization of the cell, generated by the external gradient, and the

direction of the protrusion. However the velocity can exist only in the area where the proteins
required for the actin polymerization are located, which is described by . The threshold ™
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(a) t=0. (b) ¢ = 0.5 (37 iterations). (c) t = 1.6 (82 iterations).

0002 0.002

o sigma
0.00358 0.00359

. o
0 - 0

d) Cell shape at the final time t = (e) Ligand concentration (c) at f) Cytoplasmic signal (o) at t =
3.0 (127 iterations). t =3.0. 3.0.

Figure 17: Simulation of an invadopodium formation.

Volume conservation

101
1.008 4
=
> 1.006 1
~
>
> 1004
i 10024
=]
=Y S
«
Vn = 0,998 4
0.0194 )
£ 0.996 4
=
001 = ]
T 0.994
4
E 09924
0
E 099
-0.00595 05 1 15 2 25
time

Figure 18: Normal velocity (¢ = 1.2) and volume conservation with respect to time. Left: the dark
areas are for outcoming velocity (protrusion), the light areas are for incoming velocity (contraction).
Right: The variations in volume are less than 0.05%.

delimits the areas with and without proteins. As these areas evolve as the protrusion grows, we
define ¢ as a time-dependent linear interpolation of the extrema of o:

5" = (0.2 — 0.03™) Ipin + (0.8 + 0.03¢™) Tpa-
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Normal velocity on '

0.07
0.065
0.06
0.055
0.05
0.045
8 004
0035
2 003
0.025
0.02
0.015
0.01
0.005

0.5 1 15 2 2.5
time

Figure 19: Stabilization of the invadopodium (right), related to the time-dependent boundary data,
given at each time by the trace of G (left).

The slope of the curve at the limit of both areas is given by the parameter A\ also defined from

the extrema of o:
10

Omaz — Omin ’
The simulation is performed on a 500 x 500 grid until the final time T" = 5, for 320 iterations.
We provide plots of the cell shape during the simulation in Figure[20] The blood vessel is on the

A=

(a) t=0. (b) ¢ = 1.6 (117 iterations). (c) t =5 (320 iterations).
Figure 20: Simuation of pseudopodia formation.

right edge of the computational domain. The gradient of chemoattractant polarizes the cell from
the left to the right, that leads to the formation of the protrusion on the right of the cell and to
its growth towards the blood vessel. The pseudopodium width depends only on the definition
of the localization function x and more precisely on the threshold . Since the velocity is not
divergence-free, the pseudopodium growth results in an increased volume (Fig. [21(a)). As the
cell elongates on a wide leading front, the distribution of the signal spreads out and the normal

velocity decreases (Fig. [21(b))).

4 Discussion and perspectives

Our core model for protrusion formation under external gradient, takes the cytoplasmic mem-
brane into account as a free boundary. It has been proved that the free boundary problem is
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0.06

1.26
- 1.24 0.0554
> 122 0.054
> 12 0.045 4
> 118 0.04
.. 116

0.0354

9 114 :8
e = 003

5 112 S
o = 0.0251
E 1.08 0.024
5 1.06 0.0154
S 104 001
> 011
102 0.005 4

Vo
0
0.5 1 15 2 2.5 3 35 4 4.5 0.5 1 15 2 25 3 3.5 4 4.5
time time
(a) Increase in volume. (b) Decrease in normal velocity.

Figure 21: Behavior of the model for pseudopodia formation.

well-posed under a sign condition that has been numerically validated. Despite the simplicity
of the model, the numerical methods have to be very accurate to get the consistency of the
discretized problem.

Numerical simulations provide protrusion—like shapes, validating the derivation of the model. We
emphasize that these are the first steps towards a precise description of cell protrusion forma-
tion. It is worth noting that the numerical data are built in order to achieve satisfying protrusion
shapes. Moreover, such shapes are only rough approximates of the MMP concentration and cy-
toplasmic protein localization. In the case of invadopodia, cytoplasmic and membrane dynamics
of MMPs remain to be explored to obtain a realistic time-dependent function g, in the purpose,
for instance, to calibrate the model or study the stabilization of invadopodia, as in [I§]. The
issue of the divergence-free velocity also arises: does the cell deform at constant volume or is the
membrane extended? Regarding pseudopodia, it seems easier to get a realistic boundary data
since it just corresponds to the concentration of chemoattractant released by the neighboring
blood vessel. Moreover, numerical simulations are more straightforward because larger protru-
sions require less grid refinement and generate less numerical instabilities. However, the issue of
the cell polarization and the cytoplasmic protein distribution, that is roughly approximated by
the function s in our study, also remains to deepen.

Note that in order to achieve a complete migratory behavior, it should be necessary to introduce
many other biological processes, especially cell-collagen adhesions and myosin-induced contractil-
ity. Then we could obtain more realistic simulations by combining pseudopodia and invadopodia
for a cell that would migrate in a matrix of collagen fibers. In conclusion, we have proposed and
studied theoretically and numerically a core model that is a new step in the modeling of protrusion
formation at the cellular level. This topic is the cornerstone of the cell migration understanding,
especially as regards the cancer cell invasion and migration. However, many biological issues,
such as MMPs and cell polarization dynamics or velocity definition, and mathematical issues,
like 3D-analysis and numerical analysis, remain to be further studied.
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A The quasistatic 2—phase Stefan problem

In this Appendix we consider the quasistatic 2—phase Stefan problem set in the domain 2 defined
as in Fig. [d We use the same notation as before for the geometry. Let g be a given function
defined in R* x R2. The PDE system satisfied by ¢, ¢*, and ¢ reads

Cli=o = Co, and ¢ =V(oc—c")(C(t0)), Vt>0, V0eR/2rZ, (58a)

where V¢ > 0, one has

Ac* =0, ze€Of, (58b)
c*loa =0, c*|r, =glr,, (58¢)
Ao =0, tel0,T], =€ O (58d)
olr, = "I, (58¢)

From the numerical point of view, since Dirichlet conditions are imposed on both sides of T',
our numerical schemes can be easily used with the same order of accuracy. In the following we
show how to obtain the well-posedness result:
Theorem 19 (Well-posedness of the quasistatic 2-phase Stefan problem). Let Q be a smooth
domain of R? which strictly contains the unit disk, and denote by Iy the initial location of the
interface, given as a perturbation of the unit circle : Ty = {e? + &, 6 € T}.
Let s >3, and let g € W (Rt; H513/2(Q)) such that for a given o > 0, and M > 0,

Vg(t,x) . COL > o> 0, ||g||W1,m(R+;Hs+3/z) < M, with 40(9) = ew. (59)

There exist § > 0 and T > 0 small enough such that if
1ol &+ (1) < 6,
then, there exists a unique solution (C,c*,0) on (0,T) to problem such that
¢ € L>(0,T; H*(T)) N L*(0,T; H*1Y),

and for almost any t € (0,T),

e HSPY2(09), o e HTV2(0)).

Inria



Free boundary problem for cell protrusion formations 33

A.1 Equivalent problem on the torus T = R/27Z

We write an equivalent problem set on the torus T = R/2xZ. Deriving with respect to 6 the
Dirichlet traces of ¢ and ¢* on I'y, we get:

9¢¢ - 96¢ = V(o — )¢ - 9¢ = 0.

Then, setting
X1 =¢609C, Xo=¢&-00Cy,
we get the first equation which corresponds to for the cell migration problem:

(1 + X9 + (99X1)6tX1 = (Xl — 89X2)8tX2. (60)

Then, thanks to Lemma[7} we get:

Ver - 9pGo = Le(Ve™ - 0p(y ),
= Lo(Vo - 0pC) — Lo(04€ - Dplih),
= L(LiV0 - 09Co) — Le(De€ - Doy ),
= Lo(LiVe* - 99Co) + LoLi(0E - DpCo) — D& - Dol

Now observe that around £ = 0, the operator writes:
L Li~H2=Py—1,

thus for £ small enough, (1—L.L;) ~ 2—Py, which is invertible. Therefore (1—L.L;) is invertible
for & small enough and

(1 - Lo ™ ~ 2 (14 Po),
and thus we get:
Ver - 09 = A(—0: X2 + Li(0:X7)), (61)
where
A= {1 = LoL)  Lo(Li—1) ~ _%(1 Do+ H).
Similarly, we obtain:

¢ (it = —0i€ - DpCi + Vo - Bplir,
= —0i& - 09l + Li(Vo - 96Co),
= —0:Xo + Li(0:X1) + Li(Le(Ve aggo ),

and thus

Ver - 0p¢ = B(—0,Xo + Li(9,X1)), (62)
where

1
B=(1-LiLe) ™ ~ 5 (1+Po).
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We are now ready to obtain the second equation, which corresponds to equation . Since

Vg-0oC =Vc* -0+ Vcr - 0p€,
= (14 0p& - 99Co) Ve* - DpCo + D€ - 0ol (V™ - ply ),
= {(1 + X9 + 89X1)A + ((99X2 — Xl)B} (—8tX2 + Ei(atXl)) R
hence we infer

{(1+ Xo + 0p X1) A+ (00 X2 — X1)B} (—0: X2 + Li(0: X1))

N (63)
:(1 + X5 + 89X1)Vg -Co+ (39X2 — Xl)Vg . CO .
A.2 Quasilinearization
Now let (Y;)i=1,... 4 and W be defined as
Yi=X1, Ya=Xy,
Y3 =09 X1 + Xo, Yi=0pXs— X,
W = —0: X2 + Li(0: X1).
Equations f write now:
Y1 =—(14Ys = YiL) "W ~eno =W, (64a)
Yy =W —Li (14 Ys = YaL) "W ~eo —(1 4+ H)W, (64b)
0Ys =—0p (14 Y3 — Y4£i)_1 W-W—-L;(14+Y3— Y4£i)_1 W, (64c)
c
~eno —OpW — (L+H)W,
Yy =—0gW — 0L (14 Ys — YaL)) ' W+ (14 Ys — YaLy) ' W, (64d)
~eno —(1+H)OW + W,
and on W we get
{1+ Y3) A+ YiB}W = (1+Y3) Vg Go+YaVg- G- (64e)

Deriving equation (64€e]) with respect to time, we infer, around £ ~ 0 the following non-linear
PDE:
OW + Vg - Co0gW + Vg Gy (1+H)0W = f(Y, g, 0,9, W, 06 WV),

and we get the well-posedness in L°°(0,T; H*) N L?(0,T; H*1) under the sign condition
Vg (i >a>0,

with g € W (0, T; H*+3/2).
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