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Regenerative medicine

EEEEEEEEEEEEEEEEEEE

* Huge potentials: = ——
- Treatment of symptoms = Cure disease . | i\o io
- Regenerate damaged tissue ' JT.'TL r
-Replaceentire organs —
- Restore function & o
""""""""""""" £ i T - /./;“,\_)

* Harnesses body’s own healing abilities

Slack EMBO Rep 2017



Case: cell replacement therapy

@cells

Limited outcomes:

« 4—6 % increase in cardiac function

« Very low cell retention

« Cell death due to hostile environment

- No differentiation into heart muscle cells
« Cells don’t ‘home’ to the infarcted area

Infarcted
myocardium

Stem cells differentiate
into cardiac myocytes

Stem cells secrete cytokines
that induce angiogenesis

Kang+ CMAJ 2004

What do the cells sense in their ‘new’ environment?
And how do they respond?



B  10% serum MSC

Stem cell differentiation

A

is influenced by n{ " Elastic Substrate (E)
- ! Ty

25 — 40 kPa

substrate stiffness

0.1-1kPa  8-17 kPa

4 hrs

24 hrs

96 hrs

Engler+ Cell 2006



matrix density

stimulus
substrate stiffness
ligand presentation \
topography \\:
tissue geometry \

cell-matrix interactions —»

mechanical stretch

shear stress %'
cell—cell contact

paracrine signaling



Mechanobiological adaptability

e Cell migration
* Dynamic reciprocity =2 decoupling multifactorial problem

e Curvature, geometry, and dimensionality



Cancer metastasis

* Responsible for >90% deaths related to solid tumors

Primary site Metastatic site

In order to metastasize A [V Z s é The cell extravasates
a cancer cell must <@ L iy Z / Y ,J/J 'w p and migrates through
degrade the ECM. ! el S / ol 3 (6) tissue...
%‘Vﬂﬂ‘ 3o
A ...to a site where it
The tumor cell then 2 proliferates
invades the stroma. ,5 G - ' b\_\é ?

In the circulation, the cell |

(l homes to an organ that - ) ﬂOnceacertainmassis

For distant spread, it will support its survival. % O _‘ - reached, the tumor must
intravasates a lymph or j TTTC _,Jﬁ stimulate the generation
vascular channel. o - of new blood vessels.




Cells in extracellular e
matr|X (ECM) mCherry - utrophin FITC - collagen

Chen+ Science 2014



Mechanical prop

erties matter

Brain

Soft gel
substrates

Stiff substrates

Cartilage Precalcified
Fat Muscle bone

Marrow
(=} —|_

Lo+ Biophys J 2000

I |||||||I L ||||.|.

1 10 100
Soft tissue elasticity, E (kPa) Fibrosis
Discher+ Science 2009
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Modeling cancer invasion

Speed
D 25
Soft stromal =~ 20 B Migration region
tissue = 53% motile
> 45 4 Median: 18 um/hr
e [ Migration front
p 10 - 72% motile
g Median: 22 pm/hr
L 5
0 4 I no . . :
o - _ Hard tissue 0 20 40 60 80 100
Migration front Migration region Cell migration speed (um/hr)
Directionality:
Cell _
population
spreading
Individual cell
movement

270

. . Migration front Migration region
Sun+ Cell Mol Bioeng 2014, Kurniawan+ JoVE 2015 10



Cells can remodel ECM

COL2%/.C

Friedl Histochem Cell Biol 2004 Wolf+ Nat Cell Biol 2007




ECM remodellng explains hlstory dependence
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Cells alter local ECM mechanical properties

(A) (B) 100
— 90
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& 80
Leading ERRD)
Edge § 60
%
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w20
10
Cell Body

Wong+ Biomech Model Mechanobiol 2014

Elastic Moduli

mLeading Edge
OCell Body

*
1

Loss Moduli
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Messing with the wheels

Y27632 GM6001

&

Y-27632
Cyto D
Noco
GM6001

1Y-27632
{Cyto D
41 Noco

41 GMB001

20

=204

AS: changes to migrational speed

Ak: changes to migrational persistence _404

AS (%)

Cytochalasin D: F-actin polymerization
Y-27632: ROCK inhibitor

Nocodazole: microtubule stability 604
GM6001: MMP inhibitor -60-




Interplay between
intracellular and extracellular cues

Collagen pH9-2.5mg/ml

density 8 a 5
§ g8 g
> O &

S g g«
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Cytochalasin D: F-actin polymerization ! N

Y-27632: ROCK inhibitor 3 20 s

Nocodazole: microtubule stability @ 40 £

GM6001: MMP inhibitor " w“ Sun+ J Roy Soc Interface 2014
-R80 —R0



Substrate stiffness determines stem cell differentiation

Do cells sense and respond to “globa
or “local” (fiber) stiffness?

I"

(network) |

10% serum MSC I Collagen-I
i Elastic Substrate (E) e
"l ! N
0.1-1kPa  8-17kPa  25-40 kPa
4.
=
<
What about
fibrous ECM?
(]
£
v
N

Engler+ Cell 2006

96 hrs
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ical properties

Influence of local ECM mechan

Fibrin + PIC: 50 Pa

Fibrin: 10 Pa
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Peculiarities of fibrous E
ﬂ:ell-remodelable

Sun+ Cell Mol Bioeng 2014

ﬂonlinearviscoelasticity

Kurniawan+ Biomacromolecules 2012
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Multiscale strain-stiffening \
Kurniawan+JTH 2014,
Piechocka+ Soft Matter 2016
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Role of entanglement and crosslinking

Kurniawan+JCP 2012
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Ml mechanobiology

Multisca

o

le adaptability
Kurniawan+ Biophys J 2016
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Self-reinforcing plasticity
Kurniawan+ Biophys J 2016, Vos+ Soft Matter 2017
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Mullins effect
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Negative Poynting effect
de Cagny+ PRL 2016
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Cells and fibers

Geometry

with help from Aubrey Kurniawan © 19



Ubiquity of non-planar geometry in biology

'tissues Engineering curvature Organs,
Microscale

Microscale Laser micromachining 2PP laser lithography

-
A

Electrospinning

Microthermoforming

Examples of curved substrates
Hollow fiber

T -0)
ae’

Cylindrical
wire

Baptista+ Trends Biotechnol 2019
Callens+ Biomaterials 2019
Werner+ Materials 2020
Schamberger+ Adv Mater 2023
20

Fibers

Osteon Collagen

elevation




Key challenge: understanding how cells recognize tissue and
scaffold geometry

2.5D “Curvo-Chip”

branched blood vessel gland

Assoian+ Open Biol 2019
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Blanquer+ Biofabrication 2017 Maike Werner, Carlijn Bouten

Ansgar Petersen




Cells dynamically sense geometrical cues

Distinct migration phenotypes on convex and concave structures

~ADVANCED
BIOSYSTEMS

802

20 1

100 150
Speed (um h™")
10

Speed (um h™)

v=-12"10%k+ 122

Universal relation between migration
phenotype and perceived curvature

6

x(um™")
11125
-AN75
11250
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-1/500
0
1/500
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150

v Gaal+ Adv Mater Interface 2021, Werner+ Materials 2020,
Werner+ Adv Biosyst 2019, Werner+ Interface 2018
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Cells and fibers

Geometry

Space availability

‘km

23



Contact guidance — well known but poorly understood

Development & Morphogenesis Cancer invasion

1 @ Aligned, bundled
\ collagen fibres

PR AN AU d Epitheliator |
endothelial
surfaces

Muscle '
fibre '

Paul+ Nat Rev Cancer 2016

A Individual-cell migration
Step 5 4 3 2
Mechanism/ Rear-end  Actomyosin | Focalized |} Pseudopod protrusion
event retraction  contraction | proteolysis | Adnesion
' 1 Traction force
—aengration

Reig+ Development 2014

Anisotropic Isotropic
Teixeira+ J Cell Sci 2003

pro
Cell-cell or cell-matrix adhesion

Friedl & Alexander, Cell 2011 24




What drives contact-mediated cell alignment?

Experiment: protein patterning

Non-
adhesive
coating

Fibronectin

Micropatterned substrate

X
Gitta Buskermolen !

Statistical mechanics model

Gu) = [ v,
S Veent

f = f{'_yfu + (I)H’(w + frrdh

(F(x))? . . .
% if @ is adhesive,
2a
Jaan =
F 2 e . N
% if & is non-adhesive,

with Vikram Deshpande, Siamak Shishvan, Tommaso Ristori

2X2 um 5x5 pm

10x10 pm

20x20 pm

Control

50x50 pm 100x100 um 150x150 pm

25



2x5 um

Length-scale-dependent contact guidance mechanism

180

WF- = [ ] Experiments
150 ; I —— )
) ! i Simulations
= 120
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g 90
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‘T O60F
o
30F
0
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Gaps induce alignment at small length scales Entropy drives alignment at large length scales
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I lncreasmg w
X,
x
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L

2x10 pm
2x20 pm
2x50 pm

26

Buskermolen+ Cell Rep Phys Sci 2020, Buskermolen+ Biophys J 2019



Lesson learnt: Function follows form

* Physical geometry of substrate induces distinct adhesion
morphologies, cell morphologies, and contractility states
— in a length-scale-dependent manner
— in a dimension-dependent manner

* Possibilities for mechanobiology-motivated tool to direct cell
response?



Multicellular
constructs and tissues

Underway..

Dynamic manipulation
& adaptation

® & & =2/

+ A v oAy A

Combinations of cues

Curvature

. Ligand distribution
R L) L L - Ly
\\
Fundamental insight into cellular physico-sensing Maaike Bril
curvature + contact guidance + Mirko D’Urso,
stiffness Dylan Mostert

air-driven g " 3 medium
pump v reservoir

P Guided formation of
tissues and organoids

fluidic
unit

-
hydraulic Aref Saberi, Si de)
fEEner curvature + contact guidance + rer >aberi, simone de Jong,
Multi-cue bioreactors shear + strain Xinhui Wang
Mattia Manenti, Sarah Pragnere

Dylan Mostert 28
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