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Tumours as Multiphase SystemsTumours as Multiphase Systems

(P. Friedl, K. Wolf)

host cells and tumour cells

extracellular
liquid

 deformable and 
degradable ECM

http://jcb.rupress.org/cgi/content/full/jcb.200209006/DC1

file:///C:/Luigi/ppt/movies/esperimenti/Wolf_Friedl movies, unpacked/JCB6~1.AVI
file:///C:/Luigi/ppt/movies/esperimenti/Moto2 in 3D ECM.mov


  

Tumours as Multiphase SystemsTumours as Multiphase Systems

• Growing ensemble of glioma cells

• Cell-cell interaction 
   (neutrophil chasing a bacterium)

(T. Demuth, M. Berens)
 jcs.biologists.org/cgi/content/abstract/116/21/4409

(D. Rogers)
www.biochemweb.org/neutrophil.shtml

• Collective cell motion
(P. Friedl, K. Wolf)

Friedl, P. et al. Cancer Res 2008;68:7247-7249

file:///C:/Luigi/ppt/movies/esperimenti/glioma.mpg
file:///C:/Luigi/ppt/movies/esperimenti/neutrophil[1].mov
file:///C:/Luigi/ppt/movies/esperimenti/collective.avi
file:///C:/Luigi/ppt/movies/esperimenti/divisione.avi
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Tumour 
Development

Original movies at
biomathematics.shis.uth.tmc.edu/Multimedia.php

Liquid in empty
environment

Macklin & Lowengrub, J. Theor. Biol. (2008)

With angiogenesis

Tumours as Monocomponent TissuesTumours as Monocomponent Tissues

file:///C:/Luigi/ppt/movies/Macklin/NIHMS29593-supplement-01.avi
file:///C:/Luigi/ppt/movies/Macklin/xvid768_5.avi
file:///C:/Luigi/ppt/movies/Macklin/xvid768_7.avi
file:///C:/Luigi/ppt/movies/esperimenti/CancerDevelopment.avi
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Mass Balance EquationsMass Balance Equations
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Tumours as Multiphase SystemsTumours as Multiphase Systems
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+ diffusion of nutrients 
     & chemical factors

+ saturation

Tumours as Multiphase SystemsTumours as Multiphase Systems

• D. Ambrosi & L.P., Math. Models Methods Appl. Sci. 12, 737-754 (2002)
• H. Byrne & L.P., Math. Med. Biol. 20, 341-366 (2004)
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(P. Friedl)

(degenerate parabolic eq.)

Tumour Growth in a Rigid ECMTumour Growth in a Rigid ECM
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?

Tumour Growth in a Rigid ECMTumour Growth in a Rigid ECM

1/ε
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Growth
terms

Partial
stresses

Interaction 
forces

exchanged 
with other

constituents

3 Phases3 Phases
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At least three phasesAt least three phases

Limit case: Neglecting interaction with the liquid +

(rigid ECM)
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3 Phases3 Phases
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3 Phases3 Phases

Growth  Stress Interaction force

Mechanical effects in:
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Contact inhibition of growthContact inhibition of growth

cadherin switch angiogenic switch
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Epithelial cells 
growing to 
confluence

Tzukatani et al. (1997)

Contact inhibition of growthContact inhibition of growth



  

E-cadherin

β-catenin

α-catenin
α-actinin

actin

P120

Cell membrane

cytoplasm

www.youtube.com/watch?v=pBUIb5jchVo&feature=related

www.stanford.edu/group/smithlab/Smithlab/Other_Research.html

file:///C:/Luigi/ppt/movies/esperimenti/19_1cadherin.mov


  Growth arrest in the G1 phase



              Proliferation



              ProliferationOver - proliferation

X
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restriction 
point 

threshold

Growth TermGrowth Term
Feedback loops in protein cascades

Bi-stability

All-or-none response

+
Stochastic effects

Growth term
mollifier of step function

stimulus

activity
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HypothesisHypothesis

• Cells replicate if they sense there is “sufficient space”

• If not, they enter a quiescent state ready to re-activate 
if, f.i., a neighboring cell dies

• Cells move preferentially toward regions with lower 
stress

• Cells constantly produce ECM and MDE
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Misperception of stress hyperplasia 
tumour growth

normal cells

tumour cells

overall volume ratio
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Human 
breast 

epithelial 
cells

Growth to confluence in vitroGrowth to confluence in vitro

Γ

φ

σ



  

total volume ratio

tumour

normal tissue

extracellular matrix

n a
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Tissue InvasionTissue Invasion

normal cells

tumour cells

x x

file:///C:/Luigi/ppt/movies/avascolare/anormvid.mpg
file:///C:/Luigi/ppt/movies/avascolare/normvid.mpg
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Tissue Tissue 
InvasionInvasion

v
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Travelling Travelling 
WaveWave normalabnormal

∆Ψ

δ/γ = 0.1

δ/γ = 0.4
δ/γ = 0.2
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Volume ratio Growth rates

Clones on the left are more motile  è  Faster stress relaxation

Growth of Widr ClonesGrowth of Widr Clones

• J. Galle, & L. P.
Appl. Math. Letters 

file:///C:/Luigi/PPTsoli/gallegamma.mov
file:///C:/Luigi/ppt/movies/avascolare/gallemotilityphibuono.mov
file:///C:/Luigi/ppt/movies/Galle/WiDrV.avi
file:///C:/Luigi/ppt/movies/avascolare/gallemotilitygrowth.avi
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Growth of Widr ClonesGrowth of Widr Clones

file:///C:/Luigi/ppt/movies/Galle/Clonal_Comp_Non.avi
file:///C:/Luigi/ppt/movies/Galle/Clonal_Comp_Sub.avi


  

FibrosisFibrosis
Host

Tumour

ECM

MMP
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Generation of normal tissueGeneration of normal tissue

Stationary
values



  

Cells

FibrosisFibrosis

Host

Tumour

ECM

MMP

ECM

file:///C:/Luigi/ppt/movies/avascolare/bracciom.avi
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Hyper- 
Hypo-             content of ECM}

 i.e. stiffer tissue

ECM content in prostate cancer: 7% - 26% 



  
Dipartimento di Matematica

  hyper-production of ECM hypo-production of MDEs

ECM/cells ~ 0.8 (e.g., fibrosis)

 
i.e. stiffer tissue

Hyper- 
Hypo-             content of ECM}
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hypo-production of ECM hyper-production of MDEs

ECM/cells ~ 0.125

Hyper- 
Hypo-             content of ECM}
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Mechanics in Multiphase ModelsMechanics in Multiphase Models

Growth

  Stress

Interaction force

Mechanical effects in:

vrel

mcm
Darcy's-type law

 Cell aggregates as fluids (viscous or
 inviscid)   



  

Cell-ECM interactionCell-ECM interaction

Dipartimento di Matematica

• Baumgartner et al. PNAS 97 (2000)

Dipartimento di Matematica



  

Sun et al. 
Biophys J. 
89 (2005)

Human Brain Tumor

35 pN 
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Interfering with the adhesion mechanismsInterfering with the adhesion mechanisms

Disrupts actin
cytoskeleton

removes 
hyaluronan 

backbone from 
membrane

see also Canetta et al. (2004)
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Modelling the interaction between cells and ECMModelling the interaction between cells and ECM

Interaction force

Adhesion strength

- if cells are not pulled strong enough 
they stick to the ECM
- otherwise they move relative to the 
ECM 

vrel

σcm

mcm
Darcy's-type law

• L.P. & A. Tosin, J. Math. Biol. 58, 625-656, (2009)
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Modelling the interaction between cells and ECMModelling the interaction between cells and ECM

• L.P. & A. Tosin, JMB, (2008)

Interaction force

Adhesion strength

- if cells are not pulled strong enough 
they they stick to the ECM
- otherwise they move relative to the 
ECM 
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Modelling the interaction between cells and ECMModelling the interaction between cells and ECM

G. Vitale & L.P., M3AS, (2010)
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Modelling the interaction between cells and ECMModelling the interaction between cells and ECM
Contribution due to porosity and tortuosity (in 3D)

Contribution due to adhesion
v
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Modelling the adhesive contributionModelling the adhesive contribution

Breaking length << cell diameter
In the limit:   
bond age << travel time

Evolution equation
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ζ

F

ζ0

If

Modelling the adhesive contributionModelling the adhesive contribution

ζ

FF0

ζ0

If
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ζ

FFm FM

mD+mad

mad

Modelling the adhesive contributionModelling the adhesive contribution



  

Modelling the interaction between cells and ECMModelling the interaction between cells and ECM

file:///C:/Luigi/ppt/movies/esperimenti/Moto in 3D ECM.mov
file:///C:/Luigi/ppt/movies/esperimenti/film-exp.avi


  

Modelling the interaction between cells and ECMModelling the interaction between cells and ECM

moves slows down stops

Dipartimento di Matematica

−  Adhesion depends on the amount of ECM,

− Different clones have different thresholds

Different invasiveness

file:///C:/Luigi/ppt/movies/esperimenti/Moto2 in 3D ECM.mov
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Modelling the interaction between cells and ECMModelling the interaction between cells and ECM
Volume ratio Interfacial force

file:///C:/Luigi/ppt/movies/barriermerge.avi
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Modelling the interaction between cells and ECMModelling the interaction between cells and ECM
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