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The carpenter syndrome

To a carpenter with a hammer
the entire world is a nail
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(P. Friedl, K. Wolf)

Neutrophil migration
in rat tail collagen (1.7 mg/ml)
in presence of IL-8

HT1080 migration
in rat tail collagen (1.7 mg/ml)
in presence of MMP inhibitor
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Wills, Hoffman, Figdor, Weiss, Friedl
J. Cell Biol. 201, 1069-1084 (2013)
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Plan of the talk

*Cell mechanics

*Individual cell-based model

*Multiphase model

*Asymptotic limit for interface condition
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Cell traction determines ECM deformation

Given the force, determine the motion

ma=F
F(t) > X(t)
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Tractlon force mlcroscopy
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Deformation 1s determined by cell traction

Given the motion determine the force

ma=F
F(t) — (1)
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Deformation 1s determined by cell traction

Given some information on the motion, determine the most plausible force

ma=F
F(t) ~mm—x(t;)
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Given the deformations uy; in x;

1

For any admissible force F
exerted in €2,

1

Compute u(x) such that

Fw)=F
!

Compute the difference between oW w

u(x;) and uy;

Among all admissible F choose the most “economical”

— Z ‘ [F_I(F)] (x;) — uy;
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Linear elasticity Indicator function of Q.
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movies/adesione/S1.avi
movies/adesione/S1.avi
movies/adesione/S2.avi

* Measures in €2 (also below the cell)
 Forces in € (only under the cell)

3D

o * Measures only outside Q)

« Forces on Iy (the cell membrane)
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Nucleus squeezmg
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EXPERIMENT S REPRESENTATION
ECM | ' . ECM channel

Work done by traction > Energy required to squeeze the nucleus

C. Giverso & L.P., Biomech. Model. Mechanobiol. 13, 481-502 (2014)
C. Giverso, A. Arduino & L.P., Bull. Math. Biol. 80, 1017-1045 (2018)



movies/esperimenti/GuchSM2.avi
movies/esperimenti/GuchSM1.avi

Work done by traction > Energy required to squeeze the nucleus

- Given the deformation gradient F

- Given the constitutive equation of the material

- Compute B=F F'

- Compute the elastic energy, e.g. W (lg) = g(l g —3)



Work done by traction > Energy required to squeeze the nucleus

s ECM with LIGANDS
mmmm  ECM without LIGANDS
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Nuclear membrane stiffness

By = 2

Bulk stiffness
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C. Giverso, T. Lorenzi, L.P., Appl. Math. Letters 125 (2022)
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G M'VE(h) -1 =g M VE(P,) - n = M, [II]

where H’(gbc) — chzl(gbc)

Mz
M, = lim —
e—=0 ¢
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movies/Cell-ECM%20interaction/barrier.gif

Ovarian cancer dissemination
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C. Giverso, T. Lorenzi, L.P., Appl. Math. Letters 125, 107708 (2022)
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Single cell model

’ f;f-ront(t))

X(t; Sback

C. Giverso, G. Jankoviak, L. P., C. Schmeiser, BMB (2023)



pressure R

polymerization
(front)

depolymerization
(back)

membrane
elasticity

X - 3 X+ ds Cell pressure

Ep(X) = —p|Q(t)] = 2 )

|
Pl X = 5 ‘/% (|ds X| — 1)3_ ds Membrane elasticity

E obst,d (X) = W@ ( X ) ds Cell-wall interactions
T1



Slngle cell model the nucleus

X (centrosome)

Bending stiffness Pressure

=3 [ Tace [ W an [ o
2 rn rn T Q??

The potential W, encodes elasticity and the interactions with
cortex and centrosome.
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Cell velocity vs. Channel width
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../../simulazioni_nucleo_Gaspard/video_tagliato.mp4

Nucleus stiffness
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A cell is
represented by
several nodes

- Based on a generalized energy H

- Evolution stochastically tries to minimize the system energy
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Generalized cellular Potts model
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The cellular Potts model

Choose a node at random

T T Choose a neighbour at random
?4——;1' 'L<——> !
Il Choose an action
—1—
>
Compute the change in energy AH
AH<0? AH>0?
Acceptl 116 IO Accept the action with
ey probability decreasing
exponentially with AH
Repeat till all nodes

are chosen

A

increase time
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M. Scianna, L.P., J. Theor. Biol. 317, 394-406 (2013)
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Invasion of single ovary cancer cell
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= Invasion of single ovary cancer cell
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Cell invasion in tissue
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Drawbacks: Advantages:

- Easier to insert sub-cellular mechanisms
- Looks closer to reality
- Intrinsic nonlocality

- Limited number of cells
- Simulation-based statistics
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o Non local sensing and motion

- Sense nonlocally the environment
- Choose where to go
- Move (or try to move)
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- Sense nonlocally the environment
- Choose where to go
- Move (or try to move)
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S Physical limits of migration

barriers m Vf?llll'lme
illing
. dense C@
ECM

melr):llliiallnes ot F:ell yayers

o epithelial sheets

X lack of % endothelial walls
= adhesion ® capillaries
sites O lymphatics

|
E
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o Physical limits of migration

volume m‘%
filling
s 2
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- basal membranes | lack of
< - cell layers — 4 adhesion
- Intra/extra-vasation | sites
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Non local models

* Othmer & Hillen (2002)
* Hillen, Painter & Schmeiser (2006)
* Armstrong, Painter & Sherratt (2007, 2010)

o n
Vo (3 8)= — ov(x + po.,t) do,
wp
qn—1

o I
Vp v(%x;1) = 2 (VX 050 ) — VX —B51))
Kinetic model taking into account of

* Different cues for polarization and speed
* Non local sensing

* Physical limits of migration
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2
2
i

.

Pipelta2

Fipetis1 W

De\reotes, Janetopoulos

Summary
Kinetic model taking j
* Different cues for pol
* Non local sensing
* Physical limits of migration
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B Distribution function

Distribution density for the cell population

p = p(t,x,v,) vp = (V,v) €V, = Gd—1 « 0,U]

pltx) = [ pt.xv)dv,

p

1
Ug.x) = / oL, X, Vg ) VAV
( ) ,O(t,X) v ( p) p

p



& "™ [ Velocity jump process

Distribution density for the cell population

2= p(t,x, VP) Vp = (\A/',fU) S Vp — Sd_l X [O?U]

0
a_zz(taxa Vp) + V- VP(ta X, Vp) — j[p] (t’X’ Vp)

Jp)(x, V’p) = Glp|(x, Vp) — L|p](x, Vp)
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B Velocity jump process

j[p}(x, Vp) = Glp|(x, Vp) — L|p](x, Vp)

Turning Turning
rate frequency

g[p](x,vp):/v M(X,V;)T[ ,Sl](X,Vp|V;)p(t,X,V;) dV;

p vV,
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e Velocity jump process

Jp)(x, V’p) = Glp|(x, Vp) — L|p](x, Vp)

Turning Turning
Cy

Glpl(x, v,) = /V WIS S x, v VL)p(t %, V1) dV,

Llpl(x, vp) = /V (%, v,) T[S, 8') (. Vi [vp)plt. X, v,) V]

p

Vp /7

S
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Velocity jump process

1T’ is a transition probability / T[S, S’](X, V},’\Vp)dv;,’ — |
Vp

ﬁ[p](X, Vp) :/V M(Xv VP)T[Svsl](Xv Vg’Vp)p(t,X, VP) dvg

p
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b Velocity jump process

1 is a transition probability / T[S, S’](X, V},’\Vp)dv},’ — |
Vp

ﬁ[p](X, Vp) — M(Xv Vp)p(ta X, VP)

(t,x,vp) +v-Vp(t,x,vp)

- / (%, V) TLS, SN, vp vy )p(t, %, vy, ) dv,
|%

p

op
ot

* ,u(x, Vp)p(t, X, Vp)
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sl Mass conservation

Integrate over the velocity space

/ 8p(t X,Vy) +Vv-Vp(t,x,v,) dv,
V.

’ // (x, VT[S, 8')(x, vV )p(t, x, V') dv"

a IUJ(Xv Vp)p(tv X, Vp) de
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Mass conservation

Integrate over the velocity space

/ @(ta X, Vp) + V- Vp(ta X, VP) de
V.

ot
= / (. v,
V.

p
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Turning kernel

U and 1" independent from the pre-tumbling velocity

(t,x,vp) + v -Vp(t,x, vyp)

/V N(X;%)T[S,S’](X,Vpl)/p)p(t,X,V;) dv/,

P

(%, Yp)p(t, X, V)

9p
ot

= J[pl(t.x,v.9) = p(x) (p(t: )T (x,v,9) = p(t, x,v,9))
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\%5#@ Transport equation

p(t,x,v,V) s.t.  p(t,x) :/ p(t,x,v,v)dvdv
Vv

=

op
ot

(t,x,v,Vv)+ov-Vpt,x,v,v) = Tp|t,x,v,V)

: : UV
Turning Turning ¥> 5
frequency (VA"

rate
TIltx,0.9) = [ /o80T (x, 050 9)p(0, x/09) dlo d
V.

P

VUV

— u(x, v, v)p(t,x,v, V)
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Turning kernel

t,x,v,v)+ovv-Vp(t,x,v,v) = T[p|(t,x,v,V)

57

L and 1" independent from the pre-tumbling velocity

TI)x0.9) = [ puloc o) Tx, 0, 9 5e)p (2 x0.%) dio d
V.

P

T NJ(XJ ﬁ)p(t: X, U, ‘A/_)

= JT[pl(t.x,v.9) = p(x) (p(t: )T (x,v,9) = p(t, x,v,9))
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S Given v
g Given v measures S’ along v
measures S along v evaluating possible speeds
weighting the info weighting the info

e, N
' N ~ ~

¥s(A) b(S(XJr)\\'\:f))'zi)\/ER vsr (AN h(x, 0|8 (x + XN'¥)) dA

} v

Compact support Distribution function with
mean =U(x|S’(x + A'V))
variance = D (x|S’ (x + A'V))
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-T[S.S’](x,w.{r):c(x)/m f}S()\)ﬁ[S}(x)d)\/R ver (V)b (%, ¢|S//X€r))d)\"

/R Y5 () TX [S](x) dA
B ] Y(x,v)

/Sd 1 /1@+ s(NT[S](x)dA d¥
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Durotaxis

25

0.5

’}/5:5A—R3

T T T T T T T 25 T T T T T 25 T T T T
Stiffness — Siffness [——siffness
Cell population — C0i| population | s Cel| population
( 2r ( 2r (
15 15}
1F 1t
05} 05t
s TR i 0 J\ i 0 . .
0.5 15 2 25 3 35 4 45 0 05 15 25 35 4 45 0.5 1.5 35 4 45
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dp
ot (

POLITECNICO

t,X,v,V)+vv-Vp(t,x,v,v) = [

c(t, x)plt,x) /

JR

W

-~

r(MN)b (p(t,x + AV)) dA\ ¥ (v) — p(t,x, v, V)
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(?
. 0 /
Discriminating factor Ug e = / TS, =
V,

Yes — parabolic gp + V- (PUé.s’) =V : (1V (ID)SS p))
| f

2,3, :/ T[S,S’]?;vdvp
1%

P

5.8!

i :/ T[S, 8i(v — Uk o) ® (v — UL ) dvy,
)

p
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Macroscopic limit

For instance, if there 1s only a signal § affecting the orientation (no S

Tp)(t,x,vp) = w(x) (ﬂ(t:XW(X:U)C(X) b(S(x 4+ Av))ys(A) dA — p(t, %, Vp))

Ry

/S.dq ( /R+ b(S(§+A¥))7s(H) d)x) v dv

Us(¢) =T(¢) ‘
/S ( | USE+ 291N dA) &
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Random polarization + volume filling

Random polarlzatlon

T8, 8'(x, vp) = elx

Volume filling

Vs )\)/,{'{ d)\/ Yot (AN (x, 0|8 (x + N'v ))d)\’
[R+ R,

A € [0, R:m""]

p(t, X+ A'V) > pyy }

. inf{

L

P

(ﬁ

R, (t.x,v)
[ o (), vlp(t x + N'9)) AN
V) dv 0

l/\
B(t, x[p(t, x + X)) = By (1 _phx+ V>)
Jr

Pth

Nonlocality and radius limitation
tend to prevent overcrowding
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Random polarization + volume filling

R, (t.x,v)
Tlp](t,x,v,V) = — / Yo(N)Y(x, v|p(t,x + A'¥)) dX
| rhexede
Sd—l

U(t, x|p(t,x + N'V)) = 0y (1 — i

t,x + A’Q))
Pth 4

Hyperbolic scaling

\

ap e 1 . I 2 35 1 Ro (V) 1 / / ~ g
—+V< pUns Lyvdv — P+ AV)Y,(A)dN | vdv| =0
or I 3o | Jgd—1 Pth Jsd—1 \ Jo
/ Cydv
\ Sff—l

+

7
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Volume filling as a Physical Limit of Migration

No motion in the overcrowded region due to limited radius

08 Nonlocality drives dispersal from the interface

p(t, )
D: 20
- 0.7
10.6
1ptn = 0.5
10.4
N 0.3

0.2

0.1
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@ Volume filling as a Physical Limit of Migration

Cell do not move 1n the overcrowded region

*® due to limited radius

0'64 - U,(z, V)

s Y 1.5

.
15 | 1

0.5

10

25 O

2

T 1 .0.5

11

e — )
0
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Volume filling

200

150

+ 100

50

Rmas — 02 py, = 0.5.
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Stability

a—(t X, . V) + v - Vp(t,x,v,V) = [ oG.%) YU p(t,x + Av)) dr — p(t, X, v,i})]
F|Sd 1| R,

Homogeneous equilibrium: e | S ) v (v|1)
Perturbation equation
ap 5 A i
E(t’ X,v,V) +vv:-Vp(t,x,v,v) =
L [ p(t,x) 1 . 0Y A
= LS(,_I WO + g [ YRRt x+AD A SR — p(txv. )
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Stability

U

p(t,x,v,9) = g(v,V)eK¥To! P = /Sd] /0 g(v,v)dvdv
> ( +ik-vv+ : : vl +yk ")aw( 1)

] v )&=y V“ B Pe

f)(poo) l (k)e’k'% da
"= Ru r
l/L +
Y bl | 1 Ay L B A

/ /U [wo |1) + g(wl)y{_.(k . v):| (o,, + ?) -+ g(vll)}/x(k V) (o; + K- V) SRTAE RS
Jed=1.J0

2
1 5
(Cn- + ?) + (0; + k- ¥v)2

oy . . . oY . - L. 1
vl v+ —@Dy(k-v)[(o;+k-w) — — @Dy k-vk-wlo + —
op 9% YJ qvdv =0

‘./Q\‘d—l Jo l 2 .
N (or,A+?) + (0; + k - 9v)2

o 1 & . i | . i
Vo(k-v) = —/ y(X)cos(Ak-v)dAa, and yp(k-v)= —f y (L) sin(Ak - v) dA
- B R, ) I’ R,
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Stability

U
p(t, X, v, V) = 2(v, ff)e{k'x_i'm Pe = ‘/Sdl /0 g(v,v)dvdyv

( I
— \U+ik-€rv+7)g: [w(v|1)+y(k v)—f(wl)}

— R i R+
p

4//|Sd—l|

In1D

8 z
.I:W(vl 1) + a—w(vll))?c(k)] 0; =0

l Y .
/( Il)+—1|1)1fck))( V)ﬁ-%(vllm(k)kv
BE 2

1 2
(0' +?) + k2y2

o 1 & . i | . i
Vo(k-v) = —/ y(X)cos(Ak-v)dAa, and yp(k-v)= —f y (L) sin(Ak - v) dA
- B R, ) I’ R,

dv




<om,. | POLITECNICO
FA&.% | DITORINO

Always unstable to short waves

1000 A ) 2000 f(t’x),
800 i 1500
600 | 15 y
- + 1000 _
400 = U(Poo)
200 500 V = —
® Jos R/,L
0" 0 :
0 1 2 0 1 2 _Y
z :  B(poo) P
(a) M =4.13, ¥ =0.015 (b) M =4.13, ¥ = 0.005 M= — m 2
£I oo %
1586 p(t, ) 1000 Pt 2) .
| i LB l2 Esempio
800 ‘ ¥
600 11 " 600 15
400 }' 0.8 400 1 . -
200 200 tos Pth Y
B 100000 ¥ V| DPnc
0 5 10 0 5 10 M =
! Pith — Poo

(¢) M =0.68, v =0.02 (d) M =0.68, 7 =0.008
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M =035V =041

- M =197,V =3, /
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b

p(t, x)
300 -
18 500
200
1.4 300
11.2
100 200
1 100
0.8
0 0
0 20 40
T o

(@) M =1.01,7 = 1.65,kjpax =0.35,A =1795 (b) M =1.97, 7 =3.99, kppar = 0.28, A =22.42
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) M=2.1,7=0.6,kpax=1,A =6.3
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ECM as a Physical Limit of Migration

1, M
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04

0.2

maxr 0 2
0.5 M
n —_— Mat rix deHSltY
04! Cell density, t=0 ||
4 - — .Cell density, t=>5
Cell density, t=20
03¢ 1
0.2 [r—— /i
0.1 ‘_ =
ok !
il S | _
0 p o
0 1 3 4
Rmaa: = D
0.8 :
—Matnx density
——Cell density, t=0
0.6 - = .Cell density, t=10 |-
Cell density, t=100

Nonlocality allows jumping beyond the pit <&
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Poor ECM

maxr _ RmCME — 2
0.5 ' . ; 0.8 ' ' ' '
H ~—— Matrix density —— Matrix density
04! Cell density, t=0 || ——Cell density, t=0
: - = .Cell density, t=5 06+ l"l - = .Cell density, t=10 |-
——— Cell density, t=20 1 ——Cell density, t=100
03¢ I
/\
0.2 \ f |
| / |
\r"li ;
0.1 =y &
5 . ™ 4 i Y
EF NS \ P
P
0 1 2 37 4 5 0 1 2 3 4 A
‘ I\Lﬁ?rm density 0 '8
Oz, —1)
U(x, 1)
0.6 0.6
0.4 0.4
0.2 0.2
h_’[:lLri_'{ density
—I’_"(;r,_—l)
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0 . | | ‘ " (2.1 . |
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Poor ECM

maxr _ maxr _
0.5 - - - 0.8 ' ' - '
ﬂ -Matrix density -Matrix density
04! Cell density, t=0 || ——Cell density, t=0
: - = .Cell density, t=5 0.6+ - = .Cell density, t=10 |-
Cell density, t=20 Cell density, t=100
0.3
0.4
0.2
O [+ Q
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20
115 Nonlocality allows
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Stripes

IO.‘ES

0.1

0.05

0.05 Lt

l 0.15
Nonlocality
allows
jumping on
the stripes

0.1

0.05


../../modelli%20cinetici%20per%20moto%20cellule/Taxis%20biased%20models/Physical%20limit%20of%20migration/Articolo/Supplementary%20movies/Stripes.mp4

& %o, | POLITECNICO
$.%,7% | DI TORINO

Double bias: Effect of independent cues

Denser ECM
1n circle
(but still OK)
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lea) Double bias: Effect of independent cues

Denser ECM
1n circle
, (Too dense)
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Double bias: Effect of independent cues

s

3
I2.5 Poor ECM
> outside
l,s circle
|, prohibitive
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o) Double bias: Physical limits of migration

Without chemotaxis With chemotaxis
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Thanks for your attention!
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