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Confluent cell layers
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1. What sort of questions are we trying to answer? ((( —————
N7 T
2. Models N T T

3. The phase field model for confluent cell layers
a. Passive forces

b. Active forces, single cells, polar
contractile dipolar

c. Active forces, confluent layers, extensile dipolar
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velocity fields reminiscent

of active turbulence
bronchial epithelial cells
Blanch-Mercader et al PRL 2018

-
)
©
s
48]
=
()
C
)
=
s
O
O
)
O
%)
.
)
>
e
o
(&)
I3
O
O
S
)
=
C
O
O

..-.\.....¢._tlll)/—__:l\\\.
R R e L lll\l////ll!\l’\l.
..-\\ns\\l\\‘llll// —-——
.~....¢_¢¢.slllr~5[’1r'lll.
.~....-~.__.:l\\v NN
2V swm Pl Pty Vv gwdile R )
ST NN
............II,.u‘:./// .
__\lllfl.fllilo'//_...l._—/t
..\\].‘-lttl!’/ Seeeypp00
~ / N
}
\.s--...s.\."4~ \“\\
\~.:..s\‘. \ IRE N
S iein g i 14N .d ’;
cestRuaa YNy \ i
Bt B v son AN A AR 0“.
ety aanan ittt {1 1
o wiwihen e N 8 D AELACY B o
pamera @ w¥wen ¥ ¥ 3 RARNY B O A
S o wevweevnS 8 3ALLE B 22 1 D
g | e
jr ey -, - -
\\..1\\\..._\“\\\‘\‘\\v1
% R WY P D
\\;\\ﬂnﬂ PRI Y P o o
r~,.~....\\\\\ e e e
rﬂ/,.....\\‘l'I\.ﬂ!ll\llln
. T ———
t//o\~ e ~ N\
VNN /".llu\.\U’.I,l\l\ 7
ol P @ R e ———— ] s~ A
.._/“\s|\~\.:\\\|14.-N\ %
o [ oiahor ¥ meenen I LI Z
._..\.\|!ah...¢..~\-.. ==
14 g s ...—.~....ﬂ e
N R YRR S
4§ B gre oW e PNNYYNYES S _,_/
IVU.........aatlz..:.u C,
I Y
~\\l,......,////lll\‘vbl 2
¢ PP mmmy s ~ -
PS5 i & B le e ] :




d channels

\Ww
Bty
= .
0.0 25
pmh™’
shear flow in
ine
(Duclos et al Nat Phys 2018)

conf

iour?

behav

WA 2 2 I RS el
__.s\‘\ll|‘..._’/_/»s/—rll\\\l!l.
..._...-—..-\s.o///‘ \ll.
.4..o¢z:..~s.....zll\wll\\\ll.
....llfl..‘...‘~\- .\\I\\\ll.
.|-.\|//;,f\|\\\::.,...._.

WA NSNS, o o -

reNp "\\.\\il
pa SN VN SN s e WSS gony
78 1 ey l.\.._—w.-
1 v
H P A d By ¢ wmgunnd ] v .
s oz Aclie sy Sevmenttlilieg |
R E o o PSR -\\‘.'1|-
ll\\\\l.')\\l::....~_,..l.ll\\\
uu\\\\l“../lllllli\~....\|~‘
wotlt, P ———STN
.~__ﬁ~\.Ill¢..s..\\\\\\\\.
ovavaie 4 /’l.__s\\.-\\\\w‘v\.l||.
-|-.—IIII\\s..:o.\\\\\'_..
-.:....;._t:ll)z—__:l\\\.
uun.\\\lu\lll\l////lll\l‘l.
-\\ns\\l\\v‘llll/ o -
....—_az.slllrxlUrl'yrln_-\Il.
— e L l\\ll)olr/lll.
e e 1y L B TS :Il\s\// AN
......f..nllc.uu~..//// 4

o = o o N Nawiw e %
B
\\].‘llt‘lll!’/ :-|-\\\~

Why can isotropic cells
give nematic

velocity fields reminiscent
of active turbulence

- -~~~ s

topological defects in human
bronchial epithelial cells
Blanch-Mercader et al PRL 2018

- .- m e

) |
2555

A}
~

VNN
“ .

-

- -y,

..._.d'\\
—

N ———————
= ————

.

¢l e mmn

-

P e e mma~

4
!
t
t
S
\
Y
.

20 0 PO rmsnges
R R TR
N~ ———

——l P
\\

L N N

~
|
\
\
\
\
'
\
\
\

sy

-
)
©
s
48]
=
()
C
)
=
=
O
O
)
O
%)
.
)
>
e
o
(&)
I3
O
O
S
)
=
C
O
O

“ -I\\llll,_\\
N T ’
)W
i
[
5 ¥

-~y

f

.
.- o=

>

Z
Z
Z
7
7
Z

z
z
Z
N
’
\
e
N
N
N
\
m

]
!

N s~

fgo oo
| e S

e =,




Drosophila egg chamber: active turbulence vs flocking

Egg chamber rotation

From Sally Horne-Badovinac’s lab:
Cetera et al. Nature Comms. 5, 5511 (2014)



Malinverno et al Nature Materials 16 (2017)
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Flocking or active turbulence?

polar force
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If there are dipolar forces are they extensile or contractile?

Polar force

—

Dipolar force
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Questions:

Why do circular cells give active turbulence?
Flocking or active turbulence?
Polar or dipolar driving?

Extensile or contractile dipolar driving?




-~

\—

continuum models:
active nematic /polar
active gels

particle models
Vicsek model
cellular Potts model
particles + Voronoi

_/

\—

Vertex + Voronoi models

\

Phase field models

_/

Alert & Trepat, Annual Review of Condensed Matter Physics 2020



Voronoi models

associate energy with areas and
perimeters of the cells

F 3 KA, — Ao+ —(P, — D)’
— |:E( a 0) ‘|‘§(a_ 0):|

a=1

add self propulsion by a polar force
acting on cell centres of cell vertices

Solid flock Liquid flock

Alignment interaction, J

Shapeindex,p, — PO/‘ /A ,
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1. What sort of questions are we trying to answer? ((( —————
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2. Models N T T

3. The phase field model for confluent cell layers
a. Passive forces

b. Active forces, single cells, polar
contractile dipolar

c. Active forces, confluent layers, extensile dipolar




Phase field model

frame index: 30
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Equations of motion

Each cell is described by a phase field SOZ

OF
0p;

Orpi + Vi - Vi =

& vi(x;) = £ (x;)

~

passive forces + active forces



Passive forces: relax to minimise free energy

Cahn-Hilliard term: fixes 7 to 1 inside a cell and 0 outside
and imposes a surface tension

Fou =37 [ dx{1¢H(1 = o + ¥(Vir)*}

soft constraint on the area

1 )
Farea:;M{l_W—RQ dx%}



Passive forces: relax to minimise free energy

penalises overlap between cells

N\ 1/4.'/
Jfrep:>4 JA/dXQOZSOJ

favours cell-cell adhesion

]:adh:>:>:w)‘/dx Vg&i-VQOj
)



Passive forces: relax to minimise free energy

assive 0F
f; (x) = 5—90,V90z'

Equilibrium is identical hexagons, but the system can get stuck
In a jammed state.



Active polar force (Stokeslet)

Direction of movement
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polar force
pulling the cell along




Polar force

P () = iy

polarisation of cell |

Choice of polarisation?

1. Gaussian noise
2. Aligns with velocity of cell (+noise)
3. Aligns with long axis of cell (+noise)

4. Aligns and is proportional to the elongation of the cell (+noise)



Polar force

|
P (x) = api(x)p;

Choice of polarisation?

alignment time ~ time to
move a cell diameter

1. Gaussian noise
2. Aligns with velocity of cell (+noise)
3. Aligns with long axis of cell (+noise)

4. Aligns and is proportional to the elongation of the cell (+noise)



Polar force

|
P (x) = api(x)p;

So far we have found little
Choice of polarisation? difference except that 2
gives flocking.

1. Gaussian noise
2. Aligns with velocity of cell (+noise)
3. Aligns with long axis of cell (+noise)

4. Aligns and is proportional to the elongation of the cell (+noise)



Phase diagram

strength of
dipolar force
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unjamming
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jammed state liquid

centre of mass trajectories of the cells

rearrangement rate

rearrangement rate of cells

against strength of polar force
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Flocking: polar force aligns to velocity
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Contractile (intra-cellular) dipolar force

contractile dipolar force polar force
restoring the cell to circular pulling the cell along




polarity tensor

dipolar stress

dipolar force

f(X) dipolar — V - oD

dipolar force density
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Contact inhibition of locomotion (Abercrombie, 1953)

cytoskeleton  cell adhesions

A
If two cells come into contact they tend
to move away from each other

B
cells prefer to move into free space
colony expansion / wound healing

c
Cells within a colony are much less D

likely to form lamellopodia

Strength of the polarization decreases
with increasing cell-cell overlap

microtubules »<,é fast actin «== /e cell-matrix adhesions
i retrograde flow
e e, Microtubule J === cadherin adhesions

catastrophe slow:actin
actin stress fibre retrograde flow ~ ~~  Eph/ephrins

Fig from Int. J. Dev. Biol. 62: 5-13 (2018)



But can also have dipolar forces due to cell-cell junctions:

these are probably extensile

\ l

(a) extensile (b) contractile



But can also have dipolar forces due to cell-cell junctions:

these are probably extensile

(a) extensile (b) contractile

1
deformation tensor D, = —5 / dx {V%’VQO;;F — TI“<V807LVSO;'F>}

dipolar stress OpD — —C: Z L; (X)Dz
1

dipolar force f(X) dipolar _ 7 . 0D



Increasing the magnitude of the extensile dipolar forces — no polar

driving

frame index: 30 frame index: 30
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Phase diagram

strength of extensile
dipolar force
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Malinverno et al Nature Materials 16 (2017)
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unjamming
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rearrangement rate: average number of cells that change neighbours
at each time step



Why can circular cells show topological defects

\

J
\

extensile contractile

extensile cell-cell interactions => nematic ordering => active turbulence

(NB cf shear flows in continuum active nematics)
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Active turbulence
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Round up of forces

Passive: distinguishes different cells, determines their size
adhesion

Active single cell forces

contractile dipolar force (stresslet) polar force
restoring the cell to circular pulling the cell along

Active forces due to cell junctions
(probably) extensile dipole

(a) extensile



Why are the defects extensile?

Average velocity field

80 T - <
40 o : : \ \ ' \ . : iTTTTTTTTTS .t Defect movement
o (L T I A A T TN :
€, A '-ﬂ/T\k-' MDCK cells
: VR A oo / \
- ~ - ’ / f f i \ N N .
nch /0%
-80 +———F——— : '
80 -40 0 40 80 . .
X (um) vinculin relocates from cell-cell
boundaries to cell-substrate boundaries
Average velocity field
80 —— ——
7 R I EEEEEEEEEE | pefect movement MDCK cells with
- T T~ N : : . .
S NN YV I\ cell junctions
3 0- ‘\h*""'/ N\ Weakened
> /T \ Voo B / ; -] i
wl 2y I T / 0 % E-cadherin knock-out
-80 +——=—< T T ==
% A x(zm) o 8 Balasubramaniam et al.

Nature Materials, in press
bioRxiv 2020.10.28.358663



Questions:

Why do circular cells give active turbulence?
Extensile inter-cellular interactions

Flocking or active turbulence?
Polar or dipolar driving?
Contact inhibition of locomotion
activated or not

Extensile or contractile dipolar driving?
Extensile wins for strong cell-cell junctions




