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Morphogenesis
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How is the linear information in the DNA translated
into the three-dimensional shape of organisms?
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Morphogenesis

. _Q_qllective behavior

Universiteit Leiden

Multicellular organism: a ‘flock’ of cells
« Position in flock’ may feed back on cell behaviour
» Study interaction of collective behavior and intracellular dynamics

» Multiscale mathematical biology



Our favorite problem:
Cell-ECM interactions driving
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Blood vessel

Endothelial cells

HMEC-1 in Matrigel; Tessa Vergroesen
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Blood vessel

Endothelial cells
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Our favorite problem:
Cell-ECM interactions driving
angiogenesis

HMEC-1 in Matrigel; Tessa Vergroesen



Cell-based models and the CPM
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. Describes random cell motility
. Cells live on a grid
. One cell covers multiple grid points

. Cells move due to balance between
active and reactive cellular forces:

- Reactive: e.g, drag forces, adhesion
to cells and matrix, strains in matrix
based on Hamiltonian

- Active: e.g., random
extension/retraction of pseudopods,
interaction with external fields

. Forces given by system energy, e.g.,:
H — Z 'I (g.‘fsgf’) ]]-{J'LF#J;.H
(

z,E' ) '

+ 24 ) (Ar(0) —a(0))*
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Cellular Potts Model !
(Graner & Glazier, 1992)

-._,5“ JHrII :
previous state copy attempt p'top  new state if copy accepted
'
PP
- —i

. Monitor energy change AH resulting

from attempted copy

. Copy with probability:

AH < (

1
PCD -
= {exp(—ﬁﬂ/,u,) AH >0

L “Cellular temperature”
Or: “Motility parameter”



o Cellular Potts Model
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Consider energy change AH if
we accepted this copying

H= 3" J(1(02),7(02)) Llosto, + 22 Y (A7(0) — a(0))
) o

(Z,& .
Cell adhesion Volume conservation

2
Plus additional constraints, e.g. cell shape constraint: +Az, (L1 — [(0))



Coupling with external fields
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» Hybrid CPM-PDE model
— Example: cell secrete a growth factor that diffuses and is degraded.

de(x.t :
ALY — DVPe(E,t)— eel®t) + Lowos

Diffusion Degradation  Secretion by cells

— Chemotactic force along chemical gradients
AHyork = —Xr,i (Ci(T) — ¢i(E7))
Note, AH describes work:
— Force over Distance = Work = Energy

P B 1 AH + Hyork <0
- EXI')(_(&H T Hu-*urk)/ﬂ-) AH + ch}rk 2 0

s/ B8 @



Coupling with extracellular fields

Cniversii Lede Pseudopods extend and retract more
likely up chemical gradients

— Y7(03)7(0z)

——>

[
l{—

— T{ﬂf)?'r{ﬂrfj]

s Jr(oz), (o)

u=100
c(x’)=0.5
c(x)=1

AH -= 50
Savill and Hogeweg, J Theor Biol 1997



Example:
mutual attraction of elongated cells
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Merks et al. Dev Biol 2006; Palm and Merks, Phys Rey E 2013;
Palachanis, Szabo, Merks. Comp. Part. Mech. 2015



(i) Extracellular matrix (ECM)
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. Extracellular matrix: network
of materials that cells produce, for:

- Mechanical support
- Signaling

. Signals in ECM can be long-lived
and long-distance

- ECM binds chemical signals
- Cells respond to strains in ECM

Doyle et al (2021) Developmental Cell

. Thus: ECM is key to tissue morphogenesis



Extracellular matrix (ECM)
ek Takl coordinates angiogenesis

k

. ECM coordinates cells Explorative model:

Source of angiﬂglrlchn%GF}

- ECM acts as “stigmergic” signal
- cf. Pheromones in ant trail formation

A
.

{
X/ /

Deneubourg et al. J. Insect Behav., 1989

J Daub and Merks, 2013. Bull. Math. Biol. 75(8): 1377



ECM as chemical signal:
coordination of cell behavior
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during angiogenesis
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Daub and Merks, 2013. Bull. Math. Biol. 75(8): 1377
To build this model by yourself: Daub and Merks, Methods in Molecular Cell Biology, 2015



ECM as cell-cell signal

In human cell cultures
Universiteit Leiden fibrin_hMVEC assay

Monolayer of human microvascular endothelial cells on fibrin
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Boas et al. PLOS Computational Biology 2018
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Stiffness of ECM affects
vascular patterning
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Soft matrix

Stiff matrix

Califano and Reinhart-King, 2008

. So0: models must include substrate mechanics
WK X



Cell aspect ratio
[

4 kPa 30 kPa 150 kPa Glass

Endothelial cells: Califano & Reinhart-King Fibroblasts: Prager-Khoutorsky et al.
Cell and Molecular Bioengineering 2010 Nature Cell Biology 2071 (n=50)

100 Pa 30 kPa

Cardiomyocytes: Winer et al. , in: Wagoner et al.

O/ B (eds.), 2011



Mechanism: Mechanical reciprocity
between cells and substrate
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. (1) Cells pull on substrate - (2) Cell-substrate connections
¥ 30 forces, oM silbsias stabilize on strained substrate

g Rigidity sensing

Hersen & Ladoux, Nature (2011)




Mechanical reciprocity:
&1 Focal adhesions mature under force
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coziM Traction forces TPTE—
Surface tension FMA model

Adhesion 1 & force build up
Focal adhesion nr

A

Focal adhesions (FAs):
*Act as cluster of ‘catch-slip bonds’

(Novikova and Storm, Biophys J 2014)
*Mechanical tension builds up over time (Schwarz
C ' et al., Biosystems 2006)

Focal adhesions *Mechanical equillibrium reached faster on stiff
catch-slip bond substrates

3

Result: on stiff substrates FAs grow stronger,
so are ripped from substrate less easily

Rens & Merks (2020) iScience 9: 101488
https://doi.org/10.1016/j.is¢ci.2020.101488

s/ &




@)  Each focal adhesion (FA) is
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Universiteit Leiden descnbed by an ODE mOdel

. Each FA of size N,(?) is a cluster of catch-slip bonds
(Novikova and Storm, Biophys. J. 2013: continuous assembly/disassembly

dN
.t;r(r) =8N ()= N,)—=b(9,(t))N (1)

. Mechanical tension inhibits degradation of FAs

. Tension builds up over time, as (Schwarz et al. Biosyst. 2006),

(1) =

ﬁ,(l—e'”’*)‘

. with t, = F, /v,K ; function of stall force F, , contraction velocity of
actomyosin cables v, and K, matrix stiffness

. Within a fixed time interval, FAs experience \
less tension on soft matrices than on stiff matrices

Rens & Merks (2020) iScience 9: 101488

- https://doi.org/10.1016/].isci.2020.101488
S/ BOO



Detalled model explains
e cell spreading, but not elongation
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E&  Feedback from ECM-deformation
mesiaeen Fequired for cell elongation

Planar substrate stress strengthens adhesions
B

CPM Traction forces

FMA model

Contact energy
Surface ension

Fn%adp Eaj'luansmn

sirass fibers

plaque prote:ns

force sensitive
 plaque proteins +
integrins

subatrats

Besser et al. 2006

D

Focal adhesions
catch-shp bond

3 N(X) h(s(x))
AH o, = Ay N +NG) [1 S h(s(jz'})]

- 1 :
with h(s(x))= 5(5” + S:_T) the hydrostatic stress

*

of the substrate

Rens & Merks (2020) iScience 9: 101488
https://doi.org/10.1016/}.isci.2020.101488
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EE) Cells elongate with
meaiien SUDStrate reciprocity
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Cell aspect ratio
DWWk
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Time (Monte Carlo Steps)

Simulated cell on ‘stiff’ substrate (qualitative!)
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Speed of actomyosin contraction
determines at what stiffness
cells elongate
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Rens & Merks (2020) iScience 9: 101488
https://doi.org/10.1016/].isci.2020.101488



H Durotaxis
o« Cells move to higher stiffness

Unive

10 kPa

0 kPa

Rens & Merks (2020) iScience 9: 101488
https://doi.org/10.1016/}.isci.2020.101488



) Durotaxis:
Unwers-.:ten Leiden FaSter movement On
steeper slopes

A Cell trajectories Av. cell location
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Rens & Merks (2020) iScience 9: 101488
https://doi.org/10.1016/].isci.2020.101488
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From isotropic ECMs to fibrous ECMs

Is it correct to model the ECM as an
iIsotropic material?
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Mann et al. (2019) Journal of the Royal Society Interface

Was it correct to model ECMs as an
isotropic material?

Doyle et al (2021) Developmental Cell

Erika Tsingos, Bente Hilde Bakker, ... RM, in revision, bioRxiv, 2022
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CPM with fibrous ECM

Universiteit Leiden
Bente Hilde Bakker  Erika Tsingos
cell model

cellular Potts model
(CPM)

. OLireEr SITLE Lo Loy
TIES SImdasion Doy

5
\ ECM fiber model

- molecular dynamics
bead-chain model

2 %

Erika Tsingos, Bente Hilde Bakker, Koen Keijzer, HJ Hupkes, RM, in revision, bioRxiv, 2022



CPM with fibrous ECM
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s s il = b~
cellular Potts cell

@ adhesion site
=== |inear spring
--------- angular spring

101 |inear spring
(crosslink)

& free particle
& boundary particle

& adhesion particle
« éexcluded particle

-

Erika Tsingos, Bente Hilde Bakker, Koen Keijzer, HJ Hupkes, RM, in revision, bioRxiv, 2022
Q/ B®O o



CPM with fibrous ECM
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standard CPM Bente Hilde Eakl-c-a} Erika Tsingos
previous state copy attemptp'top new state if copy accepted
My
p'|lp
— —-
A
with ECM l
bead-chain
model
e ]| - Hh
16 | | SN )
. — . K
check if p is an select a random calculate energy new state
adhesion site neighbor to move network if copy accepted

in the same cell locally from p to ©

Erika Tsingos, Bente Hilde Bakker, ... RM, in revision, bioRxiv, 2022
/s &




CPM with fibrous ECM

1 M C S B;nta Hilde Eakléaf Erika Tsingos

« Assume network quasi-steady state
e Compute CPM Hamiltonian

Universiteit Lei

"1 MCS +
-1 MD cycle

= 1 timestep

i
L "

1 MD cycle

Erika Tsingos, Bente Hilde Bakker, ... RM, in revision, bioRxiv, 2022
/s &




Effect of fiber density and
o o cross-linker density

Cross-linker density
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~14.1 % viv
~2.0 mg/mi
collagen [1]

Erika Tsingos, Bente Hilde Bakker, Koen Keijzer, HJ Hupkes, RM, in revision, bioRxiv, 2022



Effect of fiber density and
cross-linker density

Cross-linker density

Fiber density:

~9.4 % viv
~1.0 mg/ml
collagen [1]

E ==i||.||l"."'..-f!l-_=-' il
i i VP - .y 1’

gh
[]
L |

I: l.""._'.
._'-. f": ¢

.

-y "'ij] %

~14.1 % v
~2.0 mg/mi
collagen [1]

Assuming fiber di
Erika Tsingos, Bente Hilde Bakker, Koen Keijzer, HJ Hupkes, RM, in revision, bioRxiv, 2022



Cells remodel matrix
up to 4 cell diameters away

slope
0-50 um
-0.78
-0.98
-1.09
-0.48
-0.38
-0.45
- -0.50

distance r fron
10° cell edge [um]



& Contractile cells in
w7  fibrous extracellular matrices
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high-crosslinking fibrin low-crosslinking fibrin b experiment
357 crosslinking
. - ™
-2 E - —_— low ’
s 5 9 | .
IlllI .}@ﬁ::l:-' -.:. E hlgh
{ N Sa2s
‘\.1 I'- = lr : T
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%“#‘ -“-"/}&: ® . . .
libar densicaton: E 1.5 L]
]
fsen = = _
£ {]_5_ N i i i i
No force 1h Zh 3h 4ah
Malandrino et al 2019
- - . = a simulation
Time-averaged fiber density after ~8h simulated time 3.5 7 [Nuossinserd] HM?
0 4 — ﬂ]ﬁ
— ().32
5 | w—0.63
C — (.95
o ] w— 1.6
- — 3.2
=
£
N .
0 2 4 6 8
time [h]

Erika Tsingos, Bente Hilde Bakker, Koen Keijzer, HJ Hupkes, RM, in revision, bioRxiv, 2022



In silico atomic force microscopy
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Erika Tsingos, Bente Hilde Bakker, Koen Keijzer, HJ Hupkes, RM, in revision, bioRxiv, 2022
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cellular Potts cell

B adhesion site
= |inear spring

~—- angular spring
nns linear spring
(crosslink)

& free particle
& boundary particle
© adhesion particle

intevior ol thecell o ol the cell
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Cell movement is

coupled to ECM at
adhesions

/
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e

If part of the cell
moves some ECM is
taken with it

Tension between &
the cell and the ) I |
ECM is measured

(blunlesp_ring} L l E
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Based on tension and L
adhesions size the [— 8
focal adhesion yields ™=
Or grows |
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Effect cytoskeletal contractility
on cell shape

Universiteit Leiden

. Cells adhering on patterned substrates

Bischofs et al. Biophys J 2008 Bischofs et al. PRL 2009

. What is the shape of the free hanging ‘arcs’?



@) Cross-talk between cell shape
Y < and cytoskeletal organization

JI"I'.I-.\'!
Universiteit

. Approach: let a coarse-grained model of the actin cytoskeleton
control the CPM and vice versa

- Q-tensor describes actin orientation at each location

O — Qrz Quy | _ S |cos20sp  sin 205y
Q.-ry — 2z 2 |sin20gp — cos 20k

- With S = /2tr@Q? , the nematic order parameter (S=0
isotropic, S=1 fully aligned)

. Dynamics:

- tendency of actin fibers to align with one another (K)
versus alignment of fibers with cell boundary (W)

Schakenraad... Giomi. Soft Matter, 16(27), 6328—-6343.
http://doi.org/10.1039/d0sm00492h
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From isotropy to anisotropy

|s the model of
iIntracellular contractility correct?



Isotropic contraction:
circular arcs

Universiteit Leiden

. Young-Laplace law predicts circular arcs
(Bar-Ziv et al. PNAS 1999)

. Minimize H :::rA-I—/MS}dS
- Gives R=\o

. Cell bulk is elastic and cortex contracts actively: Bischofs et al. Biophys J 2008

- Curvature depends on distance between adhesion points
(Bischofs et al. Biophys J 2008)

R=I|

EHP d
”d;mhm IR —11.

Bischofs et al. Biophys J 2008



e Isotropic cell contraction
- in the CPM

Universiteit Leiden

. Cortex is elastic and cc:gex and cell bulk contract actively: o Schakervaad
H=0cA+ AP -
Aref T Aad =

H = contraction + line tension - adhesion to patterned substrate
. Prediction:

- Young-Laplace law: circular arcs between
adhesion sites  p _ ) /o A =500

CPM predictions for isotropic cells match Young-Laplace law

(a) (b) (c)
o e hd

|n|t|a| Cﬂnﬂgurannn o= IU,R = 5[}, RCPM = 54 o = 5,R = 10{], RCP?I-i = 1{19

Bischofs et al. Biophys J 2008

Schakenraad, Martorana, Bakker, Giomi, RM, in revision

_ bioRxiv, https://doi.org/10.1101/2022.04.18.488715
O/ B



Anisotropic contraction

Universiteit Leiden

. Curvature of cell edge depends on angle § between
stress fibers and lines connecting adhesion points

e

b Cortical actin
. — Stress fibers —[ﬂ
m_t b
\ i
I'I _.-""..
— Fd
'S /
c — Focal adhesion “x-'
o
50
e
= 40 _
| | 3 |
Orientation 3 ol 1 -
30} .
— N
- () -3 5 _
] eli]! |
|
© | 1
5 w0 - -
h =] | 1
2 oL
i

7 0.4 0.6 0.8 |

sin ¢
Pomp, Schakenraad et al.
Phys Rev Lett 2018
Q/ BOO



Anisotropic contraction:
elliptic arcs
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Isotropic case Anisotropic case
1A d\ ’ —
#T-&—(Ah*—f—rr)N:U ETﬂL(Ah-JFﬂ]NﬁL“(n'N)H—U

» Cell shape: segment of an ellipse.

« Long axis aligns with stress fibers

» Aspect ratio given by ratio between
isotropic (o) and directed (a) forces

A
/

A
1'_'_'—'—-—._

9
b= T

a2 o+ «

100

al +

60

40 |

Number of arcs

20

il
\ ﬂ_ql!_l alilln - | [ [ “‘L Pomp, Schakenraad et al.
- Ocllipse — OSF Phys Rev Lett 2018




@8 Cross-talk between cell shape
.. and cytoskeletal organization

.'l"'|l.rlhh'!
Universiteit

. Approach: let a coarse-grained model of the actin cytoskeleton
control the CPM and vice versa

- Q-tensor describes actin orientation at each location

0O — Qe Quy | _ S |cos20sp  sin 205y
Q;J:y _Q.‘Ir;ﬂ 2 |sin20sp — cos 20k

- With s = \/2trQ? , the nematic order parameter (S=0
isotropic, S=1 fully aligned)

. Dynamics:

- tendency of actin fibers to align with one another (K)
versus alignment of fibers with cell boundary (W)

Schakenraad... Giomi. Soft Matter, 16(27), 6328—6343.



Anisotropic cell forces in the CPM

Universiteit Leiden

f="""T+0x+0)N +aS(i Ny l

AH = AAP + cAA + AH o
= AHyworx = aS(7i- N)2AA
Additional force along actin fiber orientation

CPM predictions for isotropic cells:

(d) (e) (f)

Semi-major axis
Theory: 120 l.u. 120 Lu 100 Lu

Simulation: 134 l.u 118 l.u. 98 l.u.

Schakenraad, Martorana, Bakker, Giomi, RM, in revision
bioRxiv, https://doi.org/10.1101/2022.04.18.488715
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Albert and Schwarz, Biophys J 2014 o/ =0 ajo=4 ajo=8

Schakenraad, Martorana, Bakker, Giomi, RM, in revision
/@ bioRxiv, https://doi.org/10.1101/2022.04.18.488715




Cell and cytoskeleton cross-talk
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ECM affects B-cell migration
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A Collagen IV Fibronectin D Collagen IV Fibronectin
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Widefield
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(human JY cell line)

Rey-Barroso et al. Sci Rep 2018



Simplified model:

A Cell-substrate reciprocity partly explains
Universitelt Leiden . . .
stiffness-dependent cell-cell interactions

O
o o
o~
g{
H
=
&

=
@&
0
=
=
o

.-Eﬁ- n
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Van Oers, Rens, LaValley, Reinhart-King, and Merks
PLoS Comp Biol 2014

o o
% Cad
.
. ]
e
.
T
b
e

fraction of obtuse angles
&=

a2

ﬂ ..........
05 1 2 4 8 10 12 14 16 32
stiffness (kPa)

0.5 kPa 8 kPa 12 kPa 14 kPa 16 kPa 32 kPa

ed Y g O ,f



o ks WA |
o 0 - e 2014
’ ﬁ&*{_ :‘.‘5- ‘.lb ‘f p Van Oers, Rens, et al. PLoS Comp Biol. 2




0270

0.0240

0.0210

0.0180

.0150

.0120

0.0090

0060

.0030




S [l
N e Bl

s

Universiteit Leiden

Tessa Vergroeser

[ (]
= =

yibus) yaueiq mmmhmr{

15

10
Time (hours) since cell seeding



G E

Universiteit Leiden

j.
gt

. -jﬁ“% T

.
4
- o
- " ¥ P, F 2
" & o "L
i
= -

o

g
",
i

I J
;F-L L 7

Average branch length

Ak
=
i

Automated image analysis

Tessa Vergroeser

L
L]
- * L]
b 1
-
L] I-.. =
ﬁl-.
- - *
L
& ®
5 10 15 20

Time (hours) since cell seeding
74T



Acknowledgments

Not on the picture:
 Enrico Sandro Colizzi
» Koen Schakenraad

Collaborators:

Leiden University:
 [uca Giomi
 Eric Danen

Cornell University:
« Danielle LaValley
* Cynthia Reinhart-King

Funding: )
NWO Vidi, NWO Vici, NWO ENW-XL NYW O
NEtherlandS Genﬂmics |ﬂitiatiVe MNetherlands Organisation for Scientific Research



B  PowsrPolnt  Archis!  Wirlg Beeld inesegen  Opemask  Schiken  Evirs  Dispretesistis  Venster  Help

\ 3 ; r )
N B Marky-CECAMIOZ I-plensry
Ll P Dreeigengen Anifate Deavooriieling T e Hareld T ypa (LT RS Aokt

'!$"'I

Acknowledgments

Mot on the picture:
« Enrco Sandro Colizzi
« Kogn Schakenraad

Collaborators:

Lelden University:
| *  Luce Giowmi
e T P g L Py — ¥ I g | +  Enic Danen

5 here

grything

Cormell University: te, ali In one

= Danielie LaValley
= Cyrithia Heinhard-King

Funding:
NWO Vidi, NWO Vied, NWO ENW-=-XL
Matherdands Genomics Iniiative

Kok, i nekaleny bod S eGRR

Terms of Service Privacy Policy Explane GoTo

008088 L EGULEY*»B00L BlcsaacRBusTOe




—— Speed 50MCS
% Adhesion surface

I ]
| |
Universiteit Leiden ; i

=
=]
0
i el
25 2 Leonie van Steijn
=

>
m
Speed (px/MCS)
c O o O
= o i et
o= L o Ln

| 1 m

I I L
= i I —— 75 <
% 0.10 : I 2
& L LMy —S50 g
T
@ 0.05 i | ©
o B B A b 25 3
0 0.00 ol ) e i 1 ' 0 b

ﬁ auiE 100 @
= 75 <
o c
0.10
2 A AR A 0
o To (M0 AL =
@ 0.05 e
N L o
N 0.15 S
L)
z 5
= 0.10 |5
s £ (5]
T 2
t%n.ns S
0.00 &
0 10000 20000
MCS

Van Steijn et al., PLOS Computational Biology, 2022



Universiteit Leiden

Growth rate of adhesions




How do such differences arise?
Hypothesis: cell-substrate adhesion
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Leonie van Steijn

Van Steijn et al., PLOS Computational Biology, 2022
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Growth rate of adhesions
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Universiteit Leide Standard model

(Niculescu et al. P Comput Biol. 2015)

Leonie van Steijn
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ﬁdh T

pivoting #
Total adhesion area Interactive model
Van Steijn et al., PLOS Computational Biology, 2022 Artistoo by Inge Wortel
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Universiteit Leide Standard model

(Niculescu et al. P Comput Biol. 2015)
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