Collective Cellular Motility

Course 1: Introduction

Thomas Lecuit
chaire: Dynamiques du vivant
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Individual and collective dynamics

® Cells exhibit individual motility (Courses 2021)
® Yet, in vivo, cells are part of tissues:

Depending of cell connectedness (eg. adhesion, cortical
contractility) tissues exhibit liquid/fluid or solid (elastic) states.
(see course#1-17 Oct 2017).

Viscoelastic fluid: 2D epithelium

« Gaz-like », fluid state: 3D mesenchyme

Chick

embryo axis Quail
elongation embryo
(Pre Somitic gastrulation
Mesoderm) (Epiblast)

Bénazéraf B. et al, Pourquie O. Nature. 466:248 (2010)

Firmino J. et a, and Gros J. Dev. Cell. 36:249 (2016)

FRANCE Thomas LECUIT 2022-2023 Saadaoui M, et a., Corson F, Gros J. Science 367(6476):453-458 (2020)
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Individual and collective dynamics

® Question:
— is motility affected by high density/connectedness
between cells? Seemingly not.

— can cells exhibit collective dynamics?
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e mdkog

s : y AN - control inert MTM
;ﬁ@)gutube.com/watch?v=IZuprOth4 4 ig‘ A{t N I5E 5 : > ﬁ \\‘
Hi Chi Minh city - Vietnam Confluent MDCK cell monolayer

D. Cohen et a PNAS 113: 14698-14703 (2016)
Www.phas.org/cgi/doi/10.1073/pnas.1612208113
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Collective motility across scales

Microtubule filaments and Kinesin motors gliding assay: | = <1um; L = 100s um

In vitro experiment

www.youtube.com/watch?v=Ims2jQeHnVs

”~
10pm ) )
) —t Simulation

Greg Gutmann, Akihiko-Konagaya.Lab., Tokyo!/Institute of Technology
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Collective motility across scales

Actin filaments and Myosin motors: | = 0.1-1um; L = 10-100um

reversible binding (©) advection Actom)’OSIn ﬂOW
Speed toward the pulse (um s™) X 107
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Michaux, Robin et al, E. Munro. J Cell Biol. 217(12):4230-4252 (2018)
M. Mayer et a and SW Grill, Nature 467, 617 (2010)

SI}RLA%I%E Thomas LECUIT 2022.2023 B. Dehapiot et a, and T. Lecuit. Nat Cell Biol. 22(7):791-802 (2020)
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Collective motility across scales

Bacteria: Myxococcus xanthus: L = 5um; L ~ 1-2 cm

https://www.youtube.com/watch?v=iHg15E414lk

speed: 2-4 pm/min www.youtube.com/watch?v=tstc6doiNCU

Treuner-Lange, MPI Marburg
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Collective motility across scales

Bacteria: Myxococcus xanthus: L = 5um; L ~ 1-2 cm

myxospore socia behaviour
°-Q@ -@——
5 fruiting body
g N
g S-motility
g
swarm
lagging leading

pole pole Type-lV pili

EPStrail

moving direction ‘

noineysq
pareuIpIo0d

Dinet C, Michelot A, Herrou J, Mignot T.
2021 Phil. Trans. R. Soc. B 376:
20190755.

M. xanthus
colony
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Collective motility across scales

Eukaryotic cells: Lateral line in zebrafish
| = 10-15um; L = 1-10 mm

Lateral line

» 2 Yolk sack

Darren Gilmour (University of Zurich)
Principles of Devel opment

(Oxford Univ. Press). 2015

L. Wolpert, C. Tickle, A Martinez-Arias
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Collective motility across scales
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Invasive tumors

50pum

Invasive mammary tumor organoid
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L ~ few cm?

| ~20um

Oum
Invasive mammary tumor organoid
Keratin |4+ cells in green

KJ. Cheung et al. And A. Ewald. Cell 155(7):1639-51 (2013)



Collective motility across scales

Swarming in nematode Caenorhabditis elegans @

| = 500um; L = 10cm

00:00:00 : 00:00:04

Demir et d. A. Kocabas. eLife 2020;9:e52781.
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Collective motility across scales

Fish schooling | =1cm-1m; L=10sm

www.youtube.com/watchv=vcPIPAASfPO Alex Kydd

Thomas LECUIT 2022-2023
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Collective motility across scales

w /f"‘i\“?‘y\\ Ki
Bird flocking (murmuration of dunlin) k 3‘\&3*

| ~0.2m; L = 100s m j ‘
(Calidris)

© Birds of Armenia Project

www.youtube.com/watch?app=desktop& v=0bDIvBL Pxas

Port Susan Bay, Washington
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Collective motility across scales

Sheep herding | ~1m; L =100sm

Lior Patel, photographer
www.youtube.com/watchv=cl8wV9B2VNO
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Collective motion across scales

— General properties of swarming living systems

School of Fish

Swarm of Bacteria

® Active motion: self-propelled

® |nteractions: attraction
and repulsion (density)

® Alignement (ordering)

® Boundary conditions
Confusion of Wildebkest

Cancer metastasis

Actin network
Flow

invasion

X ~107
L ~0.1um » L~1m

Adapted from Shellard A, Mayor R. Phil.Trans. R. Soc. B 375: 20190387. (2020)

Thomas LECUIT 2022-2023
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Collective motion across scales

M, -"4,/ C
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CA. Burger et a. Front. Cell Dev. Biol. 10:854721

® Interactions: attraction and repulsion allow density regulation
® Alignement: axis (nematic order, tensorial) or direction (polarity,
vectorial ) NEMATIC POLAR

AGENTS

4
/

E
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Collective motility: emergence of ordered state

® Emergence of ordered state (eg. alignement) from local interactions

® Emergence of local polarity

® Emergence of global polarity with leader: intrinsic or extrinsic

L A 3 4

A A > €X
> €% Rk A

<+ 4 (¥ >
> A RSN 4
P A p - )
> ¥ Rk 4
e No leader e |eaders
> > > > > > > >
> > > > > > >
> > > > > > > > >
> > > > > > > >
> > > > > > > >
> > > > > > >
> > > > > > > >
e LOCAL symmetry breaking e Intrinsic, GLOBAL
e Cell-cell coupling symmetry breaking

\ ¢ Cell-cell coupling
OLLEGE
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Collective motility: emergence of ordered state

o Without leader
> > > >
> > > > >

> > > > > >
> > > > >

> > > > > >

> > > > >
> > > >

® Local symmetry breaking
e Cell-cell coupling

Thomas LECUIT 2022-2023 Jain, S. et a. and B. Ladoux Nat. Phys. 16, 802-809 (2020).
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Collective motility: emergence of ordered state

o With leader cells

> > > >
> > > > >
> > > > > >
> > > > >
> > > > > >

> > > > >
> > > >

® Intrinsic, GLOBAL
symmetry breaking

¢ Cell-cell coupling

G. Beauneet d, ..., and F. Brochard-Wyart. PNAS, 115; 12927 -12931 (2018)

Thomas LECUIT 2022-2023
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Collective motility: emergence of ordered state

e With leader cells

> > > >
> > > > >

> > > > > >
> > > > > o Chemical Gradient
> > > > > >

> > > > >
> > > >

e Extrinsic GLOBAL
symmetry breaking

e Cell-cell coupling

2
T

e Stiffness Gradient

LLEGE
SI?FRAN((;:E Thomas LECUIT 2022-2023 Sunyer, R., et a and Roca-Cusachs, P, and X. Trepat. Science 353, 1157-1161 (2016)
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Collective motility: emergence of ordered state

¢ Quantifying ordering of axis: Nematic order 2w 2 S

® Probability distribution @b(u)

® Nematic tensor order (in 2D)

1
Qij — <u2u]> - 5513 (=0 for disordered state)

2nd statistical moment

e Scalarorder S =1-— <502> 0; =0 + 56,

CodliE . scalar order  tensor order
9{25?5’219 director parameter parameter
B 1]
I 1 1| n=0D s=1 Q= 1
I 10 7]
;s "o L]
1,1 2
s n=(FE) s e 0
/S /7 L 2 |
— — —| n=@0 s=1 Q- 1
- — 1 0-7 ]
I\ 7 10
. N/ || n=0D s=3 Q=] |
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A model of collective motility in animals

® Theory of flocking and herding (Toner-Tu)

Rate of change of velocity is a function of animal density, velocities and spatial gradients of velocities

ov(r,t) (%k
f(p
< ot >total Z o axl

Continuity equation: conservation of animals 9p + V- (pv) =0.

ot

Minimal version % = (alp — pc) — BIv]?) v—=0Vp+ DV?*v — Av - Vv.

preferred speed preferred neighbor advection
density  coupling

Homeostasis Homogeneity

Toner, Jand Tu, Y, (1998) Flocks, herds, and schools: A quantitative theory of flocking, Phys. Rev. E 58, 4828-4858.
Christina Hueschen and Rob Phillips. The restless cell, in press

LLEGE
FRANCE Thomas LECUIT 2022-2023
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A model of collective motility in animals

® Preferred velocity

0.8 preferred speed

ov 5 —
-— = (op- - pIV|o)V W
preferred speed &
>
Self-propelled entities have a preferred velocity vV, 0| gs__ |~
(Active matter property) B
|
, , s -0.4
Phenomenological equation: =

8’%)
= U(|V|7p)vi7 -
( ot preferred speed 0.8

U(lvl, p) = alp = pe) = B(p)Iv|”

m
v(5)
: s
Preferred velocity: vy = \/a(p — p.)/8
Pc critical density above which collective movement/ Aﬂil I
—_—
ordered state with preferred velocity emerges (this -
term conveys activity in the theory)

LLEGE Christina Hueschen and Rob Phillips. The restless cell, in press
FRANCE Thomas LECUIT 2022-2023
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A model of collective motility in animals

® Preferred density: 0.2 pressure
Animals show a preferred density Po

: . , o1
This amounts to having an effective pressure N,
that represses/penalizes any local increase in |>:\- 5
density E
General form: P(p) = Z on(p—po)" 0.1

n

First orderterm: P(p) = —oVp

-0.2
(Any gradient in density is associated with a pressure) 0

The pressure gradient keeps the density to its preferred value Pg

81)7; L
( ot ) preferred density o _JVp

When the density is above py ,
the pressure is positive, so density
decreases by increasing velocity

LLEGE Christina Hueschen and Rob Phillips. The restless cell, in press
FRANCE Thomas LECUIT 2022-2023
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A model of collective motility in animals

® Homogeneity of speed/neighbor coupling:

neighbors, resulting in effective neighbor coupling. - —
—If a neighbor goes faster, it will want to increase its

Animals tend to adopt a speed that is adjusted to their

speed to catch up.
—If a neighbor goes slower, it will want to slow 10 neighbor
down. coupling
8
Animals sample their environment and update their
velocity based on the gradient of velocity differences ¢, 6
>
This has the effect of smoothing any gradient in 4
velocity and has the form of a diffusion equation of
velocity. ’
= DV (% 0
9t /) smoothing 0 2 4 6 8 10
X (m)
LLEGE Christina Hueschen and Rob Phillips. The restless cell, in press

FRANCE Thomas LECUIT 2022-2023
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A model of collective motility in animals

Ly —
® Penalizing gradient of velocity o HT
8 0

A positive gradient of velocity (a mismatch in
velocity) has the effect of reducing the velocity
over time. 6 0.2

| advection

|

This is akin to an advection of velocity <

E|lw 4 j

> ~0.4 NI3
é??}i é91}i 2
t gradient penalty axj -0.6
OO 2 4 6 8 10
x (m)

LLEGE Christina Hueschen and Rob Phillips. The restless cell, in press

FRANCE Thomas LECUIT 2022-2023
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Collective motility: emergence of ordered state

® Prediction of velocity profiles in a 1-dimensional channel:

. . . a
Governing equations: (‘2_‘; — (a(p— pe) — BIVP) v — 0Vp + DV?v — Av - Vv. a_';’ LV (pv) =0.
The parameters can be determined from data such that velocity and density changes can be predicted

in simulations

| -

velocity

1
— 2 N —
a=0.5m?/s Pe 5

density

N
N

B =0.1s/m?%
o =10 m*/s%.
D =10 m?/s
A=1

® A random distribution of velocities
among uniformly distributed animals
converges towards a stationary large
scale flow at uniform density

o oM Mos " ]l mam B
p (1/m?) vl (m/s)
Jly COLLEGE
% DE FRANCE Thomas LECUIT 2022-2023 Christina Hueschen and Rob Phillips. The restless cell, in press
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Collective motility: emergence of ordered state

® Prediction of velocity profiles in a 1-dimensional channel with an obstacle:

An obstacle causes some local increase in velocity a density.

Yet this is penalized in the Toner-Tu model by the preferred speed term (as well as preferred density
term) so if the obstacle becomes too large, the flow will not persist at the edge of the obstacle and

the herd will reflect on the obstacle

38_;’ = (alp — pe) — BIV2) v — aVp+ DV2v — Av - VIv.

velocity

density velocity

—~ TIN5
\%

p (1/m?) Iv| (m/s)

[v] (m/s)
Christina Hueschen and Rob Phillips. The restless cell, in press

Thomas LECUIT 2022-2023
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Collective motility: emergence of ordered state

Flocking across scales: Actin filaments, birds and wildebeest

aa—‘t’ = (@-plvIAv - VP + DV3v - Vv

preferred pressure  SMoo thing advection
speed

Homeostasis
Sandpipers (Calidris) !

preferred speed 0.2 bressure

. 0.6
ebird.org
~— 0.4 0.1
EM —
~— 0.2 EINy
2 =
L 0 S 0
2 S
= 02
E 04 -0.1
-0.6
-0.8 -0.2
-1
0o 1
-‘{————><——
" —
»—
Homogeneity
N‘LP ’k——» .‘-———+
\/\/
- e
—- Vv
11 0.7 8 0.7
10 democratic 7 advection
9 smoothing 0.6 0.6
8 0.5 o 0.5 .
7 04 3 ’ 0.4 :
— . e . <
Elv © & E2g .
> > 03o,;3 > 0.3 M3
4 A 3
3 0.2 2 0.2
2 0.1 1 0.1
1
. 0 0
Ocean Shores, Washington by Peggy Dolane. 01 2 3 4 5 6 7 8 9 10 01234 5678 910
x (m) x (m

OLLEG Christina Hueschen and Rob Phillips. The restless cell, in press
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Collective motility: emergence of ordered state

Flocking across scales: Actin filaments, birds and wildebeest

1
0.8 preferred speed 0.2 bressure
0.6
é\-"‘\ 0.4 Py 0.1
2 02 ElN
2 =
L 0 I
2 0 g 1
T 02 i :
3 i . !
= -0.4 i 0.1 o
-0.6 | i
-0.8 i -0.2 i
Elo 1 2 3 4 5 6 7 0.05 1 0.15 0:2 0.25 3 0.35
m 1
v(5) 2 ()
— —_
ALY —— —— QTR — > AT —»- <— .
R ———> < R — ST —> —
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TR — —
ARG = AT ——> AT ————> S S
-— —_— Vv —>
T
—- V2y
11 0.7 8 0.7
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9 smoothing 0.6 0.6
8 0.5 6 0.5
7 o0z < 5
— 4 Q — 0.4
Elw 6 & Elvy
< 5 03 & > 0.3
> EECE .
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2 0.1 1 0.1
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0 0
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LLEGE
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0.1
—
El%

vp@)(
o

-0.1

9o
0.2 3

1 0.15 0.2 0.25
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Christina Hueschen and Rob Phillips. The restless cell, in press
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Summary: Self-organisation of collective motility

LLEGE

FRANCE
1530

Active motion (self-propelled dynamics)
Density dependent collective motion: collective motion requires
critical density

Interactions: attraction and repulsion allow density regulation and
preferred speed.

Alignement: axis (nematic order, tensorial) or direction (polarity,
vectorial) emerges with preferred speed orientation

Boundary conditions (eg. chemical, mechanical or geometric cue):
influence self-organized dynamics

General phenomenological model
Different underlying physics: high vs low Reynolds number,
contact vs no contact between agents

Thomas LECUIT 2022-2023
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What about collective cell motility?

® Increased cell density is associated with cell contacts and
cell adhesion

® Antagonism between cell motility and cell-cell adhesion
(Johannes Holtfreter and Paul Weiss)

® Collective motility yet exists: new collective phenomenon
whereby cells maintain collective integrity (direct contacts)
while being motile.

®ly COLLEGE
~ [/ DE FRANCE Thomas LECUIT 2022-2023
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Cell motility versus cell-cell adhesion: cell sorting

® « selective adhesiveness » controls cellular migration

SIGNIFICANCE OF THE CELL MEMBRANE
IN EMBRYONIC PROCESSES

By JOHANNES HOLTFRETER*
Biology Department, University of Rochester, Rochester, N. Y.

Annals: New York Academy of Sciences, 709-760. 1948

Based mainly upon observations on amphibian material, the attempt
has been made to show that many embryological phenomena may be bet-
ter understood if we take into consideration the properties and functions
of the interfacial membranes which separate the cells from each other
and from the external medium. While all cells are furnished with a liv-

Johannes Holtfreter , circa 1950
1901- 1992

FIGURE 20. Aggregation of myelin vesicles in a 10~2M solution of CaCl,.

The direction of cellular mlgratlon, and the histotypical groupings
and regroupings exhibited by the various types of cells in a developing
organism, appear to be controlled by a selective adhesiveness of the cell
membrane, which varies with the developmental stage and with the kind
of cells involved. Cellular adhesiveness depends both on the chemical
constitution of the contacting cell surfaces and on the composition of
the immersion fluid. From the observed antagonistic effects of hydrating

COLLEGE
¥ DE FRANCE Thomas LECUIT 2022-2023
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Cell motility versus cell-cell adhesion: cell sorting

® « selective adhesiveness » controls cellular migration and cell sorting.

DIRECTED MOVEMENTS AND SELECTIVE ADHE-
SION OF EMBRYONIC AMPHIBIAN CELLS®

PHILIP L. TOWNES* AND JOHANNES HOLTFRETER

Departments of Biology and Anatomy, The University of Rochester,
Rochester, New York

Epidermis

T

3 .'@‘-’1‘“‘.:”?"2‘ R

Ambystoma punctatum

Rana pipiens

DISAGGREGATION REAGGREGATION CELLULAR SEGREGATION

Fig. 10 A piece of the medullary plate and a piece of prospective epidermis
are excised and disaggregated by means of alkali. The free cells are intermingled
(epidermal cells indieated in black). Under re-adjusted conditions the cells re-
aggregate and subsequently segregate so that the surface of the explant becomes
entirely epidermal.

Townes P. and Holtfreter J. J. Exp. Zool. 53-120. 1955

COLLEGE
DE FRANCE Thomas LECUIT 2022-2023

1530




Cell motility versus cell-cell adhesion: cell sorting

MED. PLATE + EPIDERMIS

Observations:

Rapid cell aggregation

Elongation of prospective neural cells

Centripetal migration of prospective neural cells
Centrifugal migration of epidermal cells

Sorting of distinct cell populations according to identity
Clear separation between two tissues

e 2 forms of cell adhesion:
¢ not specific at early stages (does not affect motility)
e specific at late stages, following prolonged contact

e Sorting relies on sequential contributions of
|) Migration and 2) Specific adhesion

e It is implied that selective adhesion adhesion
blocks migration and thereby stabilises cell
configuration

Epidermis

‘-.ﬂ‘:

Neural plate
Townes P. and Holtfreter J. J. Exp. Zool. 53-120. 1955

OLLEGE
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Cell motility versus cell-cell adhesion: cell sorting

Central role of cell-specific directed motility

Gradient of chemokine

Suggests possible role of surface tension at cellular level
Cell-specific adhesion stabilises final configuration

e Uncouples motility and adhesion
course#2—-31 Oct 2017

Vchemokine

5. In consequence of directed movements, the different cell
types in a composite aggregate are sorted out into distinet
homogeneous layers, the stratification of which corresponds
to the normal germ layer arrangement. The tissue segregation
becomes complete because of the emergence of a selectivity
of cell adhesion '

Townes P. and Holtfreter J. J. Exp. Zool. 53-120. 1955

LLEGE
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Antagonism between motility and adhesion

PERSPECTIVES IN THE FIELD OF MORPHOGENESIS

By PAUL WEISS
Department of Zoology, University of Chicago

Cell coaptation (« affinities relations ») is based on surface recognition by

molecules
Cell acquire stable configuration or are motile depending on coaptation
M configuration
Paul A Weiss B X B | Compatible valencies
1898-1989 ; Al A
Adhesion ; OIQ¥O | O ’ %%(
dc ST . .
In ) o = " g 2
o Incompatible valencies
order to become settled, a cell must be fully ad- ) T A % c P
justed and equilibrated with the conditions pre- Potential O Yo A0 QO \Q‘l/v
vailing along its various surfaces, including its Motility A
neighbors of the same kind, adjacent cell layers, e et e Yx’ ”xz
the intercellular matrix, and the liquid media ?
. . . . o I
bat?nng its frie portl?n. ,’.,[‘hls relation may be Motility Av, 1 a’;,c
designated as “coaptation. "
Y z

F16. 2, ArrINITY RELATIONS IN EPITHELIUM (LEFT)
WITH RELATION DIAGRAMS (RIGHT)

_ Full arrows indicate conformance of conditions (ac-
tive “bonds”’) ; interrupted arrows, non-conformance.

Paul Weiss. The Quarterly Review of Biology, 25, 2. (1950) https://doi.org/10.1086/397540
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Antagonism between motility and adhesion

Epithelial to mesenchymal transition (EMT)
Fluid state of motile cells due to loss of adhesion and reduced cell density

Epithelial-Mesenchymal Transition (EMT)

Epithelial Cell

= Primary Tumor

J. Fares et al. Sgnal Transduction and Targeted Therapy (2020)5:28
Molecular principles of metastasis: a hallmark of cancer revisited

E. Gherardi et a. (2005) www.pnas.org/cgi/doi/10.1073/pnas.0509040103

OLLEGE
E FRANCE Thomas LECUIT 2022-2023
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HGF induced cell scattering
Loss of adhesion leads to motility (MDCK cells)

S. Nakaharaet a J Cell Sci 128 (11): 2047—2056 ((2015).



Yet, Emergence of tissue fluidity
at high density among adhesive cells

MDCK cell monolayer

D. Cohen et al PNAS 113: 14698-14703 (2016)
Www.phas.org/cgi/doi/10.1073/pnas. 1612208113

But not all epithelial

Jain, S. et d. and B. Ladoux Nat. Phys. 16,
802-809 (2020).

layers are dynamic!

LLEGE
FRANCE Thomas LECUIT 2022-2023
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Adhesive cells can exhibit fluidity

Density-independent rigidity transition

® 2D Vertex model of epithelial tissue:  ® Phase diagram of ground states:

Actin
. « Cadherin
Myosin

Force balance at vertices, and all forces
derive from energy functional:

F - 0E
Energie function: T Ry
K 2 r
) = @ —A© 0. —92
E(R)= 3 5 (A —AY) 3o M+ 3Gt

Area elasticity Line tension
Contractility

Ajj sets the competition between
contractile tension and adhesion

\ R. Farhadifar et l, S,
LLEGE
FRANCE Thomas LECUIT 2022-2023
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Grey: hexagonal network with non-zero bulk and
shear modulus

Blue: Soft network is degenerate, ie. different
configurations have the same energy and
transitions between configurations do not require
work. Requires negative normalized line tension.
All cells have the same area A© and junctions
have length Lo = —A/2T

This network exhibits a fluid state.

0.18,
S 016
= 0.14
I
I~ 0.12
2
‘g 0.1 e e
€ 008  Soft Network Hexagonal Network
o
o
@ 0.06]
N
©
£ 004 Ve Ve I«
S
c
0.02| \
0 : : i A ; : i ;
14 12 1 08 06 -04 02 0 02 04 06

normalized line tension A = A/K(4®)*?

Eaton and F. Julicher. Current Biology 17, 2095-2104 (2007)
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Adhesive cells can exhibit fluidity

Density-independent rigidity transition: vertex model

e epithelial packing describe by E; =K, (A —Ayp)* +EP; +yP;
equilibrium model (Vertex
Model in 2D) E; =Ky, (A — Ag)? + & (P — Py)’

Where P;y=—7v;/(2&;) is the effective target perimeter

Total mechanical energy of tissue with N cells with identical properties

1 ¢ . (i Po)
o 2 E=d 0 @1y
A0 iy i=1
Inverse perimeter

Rescaled shape functions: a;,=A;/A, ﬁiZPf/VAp modulus: r=K,A,/&

E=

Target shape factor or preferred perimeter to area ratio:

po—Po/\/_

381

e Shape factor is order parameter Solid
of rigidity transition

Fluid

A

ﬁpo

U’------

o

‘DgeX

. Cortical tension Cell-cell adhesion
LLEGE
FRANCE Thomas LECUIT 2022-2023
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Adhesive cells can exhibit fluidity

Density-independent rigidity transition: vertex model

In a confluent adhesive tissues cells are self-propelled and move via cell rearrangements

or neighbor exchange (ie. dynamics of adhesive cell contacts) . . .
[ ]

Energy barrier of rearrangements sets the rate of cell rearrangements (T | exchange):

Explore dependency on model parameters, namely shape factor p, and inverse perimeter modulus r

Mean energy barrier height: A€

Po sets the distance from transition to fluid state: above ~3.81, the energy barrier is zero so
rearrangements occur without energy cost.This is the fluid state.
I' sets the magnitude of the energy barrier.

Calculation of pyina 4 cell T|

j >>: :é ;j é ; € 0
15 1072
. Increasing p, é’
£ 10+
! 1074
P05t
W
1076 :
o'90.6 -0.3 0.0 0.3 0.6 3.0 35 4.0
3.0 32 34 36 38 40 ! Po
Po
LLEGE D. Bi et a. and L. Manning. Nature Physics 11 1074-1079 (2015)
FRANCE Thomas LECUIT 2022-2023
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Adhesive cells can exhibit fluidity

Density-independent rigidity transition: experiments

Cellular speed maps

Non-asthme

¢ Airway epithelial
cells under
compression (that
mimic compressive
effect of
bronchospasm):

® Unjamming
transition
(increased effective
diffusivity of cells)

Day 3

0cmH,0

Asthma

Day 6
Day 6

30cm H,0

o
>
©

a

2 ,,
: X &
i 4
i G |
iting # | 5 )
= ':‘:-,'-:
>
o =
102 e z
10!
100
| EE—

Day 8

® As cell culture grows,

—>
. . 1021 700 000 005 010 015 0.5 um min" :
tissue Iayer ]ams < o Hm min”? : A
® This is delayed in 1 10 P
101 5 1073 N I
cells from asmathic P g : |
c 0 3102030 g
. 3 Pressure (cm H,0) g i 3§
Patlents a 1004 L ~ 2 Day3 i ;
s £ " =t
= O Day6 —
.. g 107 x*i‘!  Days 000 005 010 015 0.5 pm min"!
o pm min~!
102 § ¥
-2 T T »\(7\..\ T T T L N T 10_3 {/ T
10 1 10 100
At (min)

JA. Park et a. and J. Fredberg. Nature Material, 10:1040-8. (2015)

doi: 10.1038/nmat4357.
Thomas LECUIT 2022-2023
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Adhesive cells can exhibit fluidity and cell flows

Density-independent rigidity transition: experiments

e Experiments e Simulations
b
5.0 Non-asthma Asthma
4.2
41
e Measure of cell shape 48 ‘0
index as unjamming 39 =42
o o . 4.6 .
transition is observed: >
P0:P0/,/A0 \%4‘4— g
= 3
8 a2 w|[®
g
e Shape factor reduces 401 B 0, =381
and approaches 3.8 at s
the transition: 38T T
3.6 T
3 6 8 6 10 14
Day Day
LLEGE JA. Park et al. and J. Fredberg. Nature Material, 10:1040-8. (2015)
FRANCE Thomas LECUIT 2022-2023 doi: 10.1038/nmat4357.
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Conclusions

® Density dependent collective dynamics (critical density
sets a preferred speed, eg. Toner Tu model and
phenomenology)

® Density independent collective dynamics
® Cell adhesion does not block fluidity in self-propelled
population of cells (different in particulate adhesion

where adhesion causes jamming such as in colloids)

® Fluidity is associated with collective dynamics

® Collective dynamics requires symmetry breaking

LLEGE
FRANCE Thomas LECUIT 2022-2023
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From cell to cell cluster motility: 2D

Cell SupraCaell

S

k]

¥

Keratocyte « Keratocyte-like » cell aggregate
| cell — L=35pm, U= 0.7um.s"! >10.000 cells — L>500pm, U= 102um.s"!
SE?I}RLA%I%E Thomas LECUIT 2022-2023 G.Beauneetd, ..., and F. Brochard-Wyart. PNAS, 115: 12927 -12931 (2018)
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From cell to cell cluster motility: 2D

J. Theriot lab
Keratocyte « Keratocyte-like » cell aggregate
| cell — L=35pm, U= 0.7um.s"! >10.000 cells — >500um, U= 10-2um.s-!

I?I}RLAII‘:\I((;ZE Thomas LECUIT 2022-2023 G.Beauneet d, ..., and F. Brochard-Wyart. PNAS, 115; 12927 -12931 (2018)
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From cell to cell cluster motility: 2D

E (kPa)
2 7-9 10 16 40
Ciant Immobile
Spheroids Spheroids Penguins Keratocytes Spreading
Aggregates

100 yun

OLLEG
E

E
FRANCE Thomas LECUIT 2022-2023 G. Beauneet d, ..., and F. Brochard-Wyart. PNAS, 115: 12927 -12931 (2018)
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From cell to cell cluster motility: 2D

® Model of cluster spreading as Liquid wetting:

Wetting parameter: difference between substrate
adhesion and cell-cell adhesion energy

S= WCS_ WCC

Diffusive expansion of cell: R° = D ¢

A
Diffusion coefficient: depends on 1y L
spreading velocity and cluster size: D = '* R, ‘ — —

a
. o . 0 R R

Spreading velocity is ratio between wetting
energy and tissue viscosity V" = S/n ¢ A
>Therefore cell diffusion depends on substrate 0 R R  E~65um |

stiffness via the wetting parameter .
&P Permeation at boundary between cell cluster and cell layer

G. Beauneet d, ..., and F. Brochard-Wyart. PNAS 111: 8055-8060 (2014)

® Cell cluster motility:
Force balance: net driving force in layer F and
frictional forces across area A associated with
cell velocity U

F= yﬁs (s)nds = AkU,

OLLEGE G. Beauneet d, ..., and F. Brochard-Wyart. PNAS 115: 12927 -12931 (2018)
E FRANCE Thomas LECUIT 2022-2023
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From cell to cell cluster motility: 2D

® Cell cluster motility:

¢ |D model:asymmetry in wetting forces across cluster 8 1
Difference between advancing and receding fronts. 6
S. —Sr~kRU, §
s—4 E
a
On stiff substrates, spreading is isotropic around cell cluster S, |
v
On softer substrates, spontaneous holes arise in layer near 0
. . : 8 10 12 14 16 18 20
cluster edge because cell-cell adhesion cannot hold tension time (h)
arising from traction forces at t'he edge (cell-cell adhesion is TN BT
itself reinforced by substrate stiffness) I
2
Once a hole is formed, symmetry breaking arises S, ~ 0 g °
3 0 T T T )
0 5 10 time(h) 15 20

® Mechanism for persistance of motility:

— modification of substrate and wettability (« reactive »
droplet/cluster)

— cell polarisation in response to forces (« active »
droplet/cluster)

| 6kPa 40kPa

OLLEGE
E FRANCE Thomas LECUIT 2022-2023 G. Beauneet d, ..., and F. Brochard-Wyart. PNAS, 115: 12927 -12931 (2018)

49

C
D

1530




From cell to cell cluster motility: 3D

Retrograde flows
(of myosin or cells)

SupraCell

1 pm/min

o
-

Myosin polarity
| cell — L=30pm, U= 0.7uym.s"!
DL. Pagés et al., and R. Voituriez, M. Piel, F. Jaulin Sci. Adv. 8, eabp8416 (2022)
COLLEGE
 DE FRANCE Thomas LECUIT 2022-2023

1530

100 cells — L=120pm, U= 2-310"2um.s"!
Shellard et al., and R. Mayor. Science 362, 339-343 (2018)
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From cell to cell cluster motility: 3D

e Clusters of neural crest cells exhibit global front-back o
polarity: o oD

MLC-p

MLC i

\ RhoA(ROCK) /

—Myosin is enriched at the rear of the cluster

—Cell contractions at the rear are induced by a

gradient of SDFI ’ =
\ )
—Actomyosin cell contractions coincide with steps of CXCEED

forward movement of the rear

= 1/\/ xosom

-~ 801 : 1.1 =
€| 52 3
S 53 =
5 8 8
E O ! i E ' : O\_/ 3 g
0 . _ 25 S
front rear Time (min) front rear Rear _Front
-SDF1  + SDF1
COLLEGE Shellard et al., and R. Mayor. Science 362, 339-343 (2018)
DE FRANCE Thomas LECUIT 2022-2023
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From cell to cell cluster motility: 3D

Laser nanoablations

Front Rear

e Posterior contractility induced by the

actomyosin supracellular cortex is 5% Front % _
required for forward cell cluster migration é 5
IS .~ Rear &
. : =% Time (min) ©0 i Before _ During
30 min ablation

60 min

e Polarized contractility is sufficient to activation of Rhol

induce cluster migration: o8 - 186
ol C [
. . ope R Ok O =.100
e Activation of contractility at the rear of ; g’: 3 et
e , - £ S 50
the cell cluster rescues motility in the & s B
- o -
absence of an SDFI gradient i ,, 3 WL OPOY | E
ie] o LA Control optoGEF- ie] s Control optoGEF-
8— SDF1 relax & contract

optoGEF-relax

OLLEGE Shellard et al., and R. Mayor. Science 362, 339-343 (2018)
E FRANCE Thomas LECUIT 2022-2023

1930 52

C
D




From cell to cell cluster motility: 3D

in silico .
o B, XMV
e Computational model: ‘” B | silico
\.“V? ——
Soft core repulsion, midrange Q\\ § o
attraction and periodic attraction o (=085
forces to model Myosinll $ios 5 =004
yosin Q
. Membrane Q. 40 100
contraction. - n ;
exvivo Intercalation %
In silico: in silico . ex vivo
. . ¢ - & R
e Cell intercalation at the rear MLt g Riny e By
N A LS S ¥
that correlates with cluster il 3 R oy E s s
. . REIg g w2 V> AEERENT N,
migration speed. g TR I e
Awle g g wel® e widd N Eleid
MRyt & % -t - AR ™ - o -
¢ Forward cell movement at the YRR T PO
FAS - & ¥
core that propagates as a wave | —
towards the front
e Retrograde cell flow at the o 0s
. £ 214's
£
periphery. in siico
(%Oi) 200
Position (um)
Ex vivo: similar observations gt &
ex vivo s s
(%% Position (pm)ﬂ170
COLLEGE Shellard et al., and R. Mayor. Science 362, 339-343 (2018)

DE FRANCE Thomas LECUIT 2022-2023
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From cell to cell cluster motility: 3D

Rearward flow of cells induced by polarized contractility

B,D
7 /"“ W
> CyE

> £

® In vivo: neural crest cell
clusters migrate as a whole
along a gradient of SDF|

neural crest

1

]

e Collective cell motility
results from:

—polarized contractility of cell
cluster

x
(0]
o)
c
{ oy
il
2
©
S
=
=0

optoGEF-relax

F1 S .
Control optoGEF
-contract

optoGEF-contract

Control optoGEF
-relax

—convective flow of cells
induced by contractility

optoGEF-
Hl Control | contract

optoGEF-
Cell scale: Rearward plasma membrane flow mm Control | relax

generates tangential viscous forces at the cell-
liquid interface to drive the cell forward

P R. O'Nelill et al., Dev. Cell 46, 9-22.e4 (2018).
Shellard et al., and R. Mayor. Science 362, 339-343 (2018)
LLEGE
FRANCE Thomas LECUIT 2022-2023
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From cell to cell cluster motility: 3D

Non-adhesive motility under confinement

Cell SupraCell

Oh

Pancreatic cancer

| cell — L=20pm, U= 0.7um.s! 100 cells — L=100pum, U= 1-7 10-3um.s-!

A. Reversat et al. and R. Voituriez and M. Sixt. Nature. 582(7813):582-585. (2020) DL. Pagés et al., and R. Voituriez, M. Piel, F. Jaulin Sci. Adv. 8, eabp8416 (2022)

OLLEGE
E FRANCE Thomas LECUIT 2022-2023
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From cell to cell cluster motility: 3D

e Clusters of cancer cells of many
origins form clusters with the
apical surface outside

(tumor spheres with inverted
polarity - TSIP)

e Cancer cell clusters in microchannels
coated with PEG exhibit spontaneous
motility.

e Slow motility: 20-25um/hour

OLLEGE
E FRANCE Thomas LECUIT 2022-2023
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Top view PDM$

s
¥

X

Pancreatic cancer
0 hours. =
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TSIP#1 HT29-MT X

6 hours
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T 1 . - b rfﬁ ,
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e @ FUI
oy q‘z’% Q T
&
| | 1 |
Patient tumor specimens PDX

56

DL. Pagés et al., and R. Voituriez, M. Piel, F. Jaulin Sci. Adv. 8, eabp8416 (2022)



From cell to cell cluster motility: 3D

C
D

Non-adhesive motility of cell clusters in micro channels

e Dewetting behavior:

Clusters of cancer cells show no
wetting behavior on PEG, but do
so on collagen

e Hallmarks of non-adhesive motility
under confinement

—There is no focal adhesion mediated by
Integrins on PEG substrates.

—No traction forces on PEG

e Role of friction in motility:

—Non specific friction mediated by BSA
increases speed

—Integrin mediates non specific friction

OLLEGE
E FRANCE
1530

Thomas LECUIT 2022-2023

TSIP#1

HT29-MTX

PLL-PEG

HT29-MTX

Collagen-l }§1 pLL-PEG
'

pPLL-PEG

90°

Contact angle

High (>90°) = wetting
Low (<90°) = dewetting

Turquoise-Paxillin

1000 —

Speed (umiday)
g
1
F

PEG Coll
Col-l PEG
1 Fdk
Pulling force
= —eo
3
=]
> g0 SRS ERREERR ISR IRY M= PRI . D, ) 0 Lecerrrnnrnenescsennnbbressnne
.
.
Pushing force
5 T T
*{(um) x(um) Col-l  PEG
] Coating

[ aaaaa—
0 05 1 15 2
Bead displacement during relaxation (pm)

DL. Pagés et al., and R. Voituriez, M. Piel, F. Jaulin Sci. Adv. 8, eabp8416 (2022)
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From cell to cell cluster motility: 3D

Polarized contractility of cell clusters drive collective motility

HT29-MT X Static Migrating oo
3+ r_l Static | Migrating
e Polarized distribution Fv=ctn 8.1 & |
of actomyosin 5
.e =14 €2
contractility correlates E:
. - MLC
with cluster motility 0dl——
Migration - +
- Control optoRhoA
y T pa—
(1) Initial state S g_; =& hotiie
e Polarized distribution - %— €
of actomyosin T EERES oo :
e 8
contractility is £
. . (2) Optogenetic activation 4 hours g
required for collective Lt simuaton
motil |t)’ > 8 hours -100
Time (hours) Time (hours)
12 hours = = = Same direction after photoactivation
= (Changed direction after photoactivation
Optogenetic
activation of Rhol-
Myosinll

DL. Pagés et al., and R. Voituriez, M. Piel, F. Jaulin Sci. Adv. 8, eabp8416 (2022)
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From cell to cell cluster motility: 3D

Cluster motility: Rigid body motility without retrograde cell flows

Working hypotheses:
(lab ref. frame)

Retrograde flows
(of myosin or cells)

Translation

Lateral cells
Lab ref. frame. n = 22 clusters. Time average

Retrograde | Anterograde
i

non
o o

15

¢ Forward movement of nuclei

oy
o

Proportion of nuclei (%)

o o

LY
)

0 10 20 30

Mean velocity (x component)
of lateral nuclei (um/hour)

Contact zone
Lab ref. frame. n =10 clusters. Time average

%2}
e Forward cytoplasmic flow S 5 aR R
o B
(using PIV) 2]
2o
CIC.) i
LL O T 1 T T T
& -20-10 0 10 20 30
Myosin flow velocity vector
(x component) (um/hour)
COLLEGE DL. Pagés et al., and R. Voituriez, M. Piel, F. Jaulin Sci. Adv. 8, eabp8416 (2022
DE FRANCE  Thomas LECUIT 2022-2023 gesetal, ' ’ , €abpB416 (2022)
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From cell to cell cluster motility: 3D

Myosin polarization

e Model of cluster self-propulsion: -l- 5 T
° Jiggling, polarized, elastic solid. Gradient of contractile stress fluctuations (3 ()
Theoretical model - U+ Ry &
. . . S [4 -
—Gradient of fluctuating contractile : : o o (V) x 9 £
stress C induced by Myosin " 5% e >

. . Friction forces () |
—Induces gradient of stochastic cell ; | i

deformations 0.05 .

0.04 - .
0.03 g

0.02 - -

001{ "

0.00 4"

Experilﬁental rﬁodel

—And asymmetry of frictional forces

Cluster velocity

—Hence, cluster movement

00 02 04 06 08 10
Gradient of contractile stress fluctuations (9 ¢)

2-cell 1D model:

) u+ RO ) - Fluctuations of myosin/nuclei speeds
: ) Cluster ref. frame
C 1 { C2 [ ] Data: Cluster ref. frame —e—  Migrating; A2 = 0.48, P = 0.0040
\\4// Nonmigrating: A< =0.18, P =0.1516
Rl R T R2=0.42, P =0.0002 32 .
2 15 -
F(u) 2 £ 3 16
Friction = . s
.. _ 2 404 . 2 8-
Mobility M= 1/T’ 5 'y ¢ %
; Al e ]
€ 5+ & o o
6 ., © tg S
62 =51 9.M(u) : g \
R 0 0.0625 —
(v) = 2 I I
Fluctuations of myosin flow speeds (um/hour) T hrm—
LLEGE DL. Pagés et al., and R. \oituriez, M. Piel, F. Jaulin Sci. Adv. 8, eabp8416 (2022)
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From cell to cell cluster motility: 3D

Engineered biological « robots » and emergence of aggregate motility

Combination of two cell states: passive cells (blue) and fluctuating active contracting cells (red)

L T A i R
ol X 1 T € e
"9 etes L

g@pa A¢ %
GOAL}.’. “.

epde 1 A

L)Y L o9

®J @ (L R

Cuae \ 1 Yo

Leg e ave

S. Kriegman et al, — M. Levin and J. Bongard. PNAS. 117: 1853-1859 (2019)



From cell to cell cluster motility: 3D

Engineered biological « robots » and emergence of aggregate motility

Realisation of Xenopus engineered robot

A ectoderm

mEEt
s

in silico in vivo in silico in vivo

Motility is sensitive to orientation of
Xenopus robot with respect to the
substrate

F Inverted

Y position (body lengths)
o
|

3 ol 5 ol insiico
in vivo -

-3 T T T T T — 3 T T T T T T
14 0 1 2 3 &4 1 0 1 2 3 &4

X position (body lengths)

S. Kriegman et al, — M. Levin and J. Bongard. PNAS. 117: 1853-1859 (2020)
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Summary Course #1

® Density dependent collective dynamics (critical density
sets a preferred speed, eg. Toner Tu model and
phenomenology)

® Density independent collective dynamics

® Cell adhesion does not block fluidity in self-propelled,
actively contracting population of cells (different in
particulate adhesion where adhesion causes jamming
such as in colloids)

® Fluidity is associated with collective dynamics

® Collective dynamics requires symmetry breaking
® Symmetry breaking is self-organized or induced by external cue

LLEGE
FRANCE Thomas LECUIT 2022-2023
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Summary Course #1

Symmetry breaking: From cell to cell collective motility

® Emergent dynamics reflects general
principles of underlying mechanics that
operate across different scales

® Questions:

® How do cells generate front back polarity?

® What are the intrinsic, self-organizing
mechanisms?

® What are the extrinsic, guidance
mechanisms?

Thomas LECUIT 2022-2023
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CHAIRE DYNAMIQUES DU VIVANT

Motilité cellulaire

collective

15 novembre > 13 décembre

COURS

Les mardis de 10h 00 a 11h 30 — Amphithéatre Guillaume Budé

15 novembre 2022
Introduction : de la cellule a la supra-cellule

22 novembre 2022
Tactisme mécanique — barotaxie

29 novembre 2022
Tactisme mécanique — durotaxie individuelle et
collective

6 décembre 2022
Motilité collective au cours du développement

13 décembre 2022
Motilité collective des bactéries

COLLOQUE

Amphithéatre Maurice Halbwachs

Lundi 19 Juin 2023
Growth and Form

CcO LLE GE Les cours et séminaires sont gratuits, Thomas Romer )
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R 11, place Marcelin-Berthelot, 75005 Paris académique
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