Tumours as Multiphase Systems

deformable and extracellular
degradable ECM
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video o T
(P. Friedl, K. Wolf)
http://jcb.rupress.org/cgi/content/full/jcb.200209006/DC1

host cells and tumour cells
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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 Systems

maciuopanerninyg

[} I
n, Proteolysis towards sheet-like interface : Microtrack
Track widening (Macrotrack formation) I formation
Collective cell invasion 1

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

* Growing ensemble of glioma cells
(T. Demuth, M. Berens)

jes.biologists.org/cgi/content/abstract/116/21/4409

* Cell-cell interaction
(neutrophil chasing a bacterium)
(D. Rogers)

www.biochemweb.org/neutrophil.shtml

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



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

Tumours as Monocomponent Tissues

Liquid in empty With angiogenesis Tumour
environment ) RS - mesco Development

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

Original movies at

biomathematics.shis.uth.tmc.edu/Multimedia.php
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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 Equations
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Tumours as Multiphase Systems
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Tumours as Multiphase Systems
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+ saturation  »_9$; =1,
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+ diffusion of nutrients
& chemical factors

* 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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Tumour Growth in a ngld ECM

G i

pé | = V)=V T+m+pjb SO

(P. Friedl)

——> v=K[-VX + pob] = KX (¢)Vo + pK b

o

E + V- (¢ )] SN ==> (degenerate parabolic eq.)
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Tumour Growth in a Rigid ECM
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3 Phases Q
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At least three phases

(rigid ECM) [ ##=To,
%(ﬁT + V- (¢TVT] = FT )

{ V- (grvr +ove) =0,

V¢ — VW1 = —K‘?P,

) ﬂ((ﬁiT)‘?E
| vr =Ko —(1—¢0]VP+V*TT+bﬂ;/V

Limit case: Neglecting interaction with the liquid + —22(¢ )1

aéitT +V - (Koa(dr)dprVe) =V - (KX (1)1 Vér) + T'1
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3 Phases AR
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Mechanical effects in:

Growth
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Contact inhibition of growth

Invasive
carcinoma

Angiogenic
CIS

Dysplasia/
CIS

Hyperplasia
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Contact inhibition of growth

Epithelial cells
growing to
confluence

Tzukatani et al. (1997)

volume ratio

10 ¢

0

t

(days)
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www.stanford.edu/group/smithlab/Smithlab/Other Research.html

Ecad-GFP
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Cell membrane
| www.youtube.com/watch?v=pBUIbSjchVo&feature=related



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

Feedback loops in protein cascades

@ aCtiVity
. - restriction
Bi-stability point —
@ threshold
All-or-none response stimulus

_|_
Stochastic effects

!

Growth term
mollifier of step function
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Cell-Cell
Adkesion

Cadherins




Hypothesis

* 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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hyperplasia

Misperception of stress ————>
P P tumour growth

normal cells @ =V - [nKZ (V)Y + [y He (0 —by,) — 0,0,

ot

tumour cells 2@

i V  [aKX' (V)VY] + [vaHo (10 — 1a) — dala .

overall volume ratio wv=n-+a-+m, +m,
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Growth to confluence in vitro

volume ratio

4

6

L f{days)

Duplication | GGrowth rate
Cell type | time [hours) (days™!)
CHOQ 18-19 0.86-0.91
CHOQ 14-21 0.8-1.2
L929 10-12 1.4-1.6
Fibroblast 16.2 1.03
HBE 22.3 0.75 <]
BPAEC 38-44 0.38-0.44

10

Human
breast
epithelial
cells
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Tissue Invasion

tumour cells %

normal cells 9

video
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file:///C:/Luigi/ppt/movies/avascolare/anormvid.mpg
file:///C:/Luigi/ppt/movies/avascolare/normvid.mpg
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Growth of Widr Clones

Volume ratio Growth rates
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* J. Galle, & L. P.
Appl. Math. Letters

Clones on the left are more motile 9 Faster stress relaxation
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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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file:///C:/Luigi/ppt/movies/Galle/Clonal_Comp_Non.avi
file:///C:/Luigi/ppt/movies/Galle/Clonal_Comp_Sub.avi

Fibrosis
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Fibrosis
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file:///C:/Luigi/ppt/movies/avascolare/bracciom.avi

Hyper-

content of ECM
Hypo-

1.e. stiffer tissue

Tissue Elastic modulus {(Pa)
Normal mammary gland 167 £ 31
Average breast tumor 4049 £ 938
Stroma attached to tumor 016 + 269
Reconstituted basement membrane 175 £+ 37
Collagen (2.0 mg/ml) 328 + 87
Collagen (4.0 mg/ml) 1589 £ 380

ECM content in prostate cancer: 7% - 26%
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content of ECM
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i — e 1.e. stiffer tissue
- .E — .
LT T
hyper-production of ECM hypo-production of MDEs
1.6 1.6
1.4 1.4r
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) C/ g .2r
1k 3 L
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Mechanics in Multiphase Models

Mechanical effects in:

< Darcy's-type law,
/ Cell aggregates-as fluids (viscous-or

inviscid)
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Vertical distance
(nm)

Force acting
on cantilever (pN)

100 -

Cell-ECM interaction

* Baumgartner et al. PNAS 97 (2000)
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# Counts

Interfering with the adhesion mechanisms

Endathelial Celis _ HE Cells CHO Celis

paleasuf)

Disrupts actin

;

*  cytoskeleton
: removes
£ hyaluronan
- & backbone from
membrane

20 T 43 50 G0 D 4 10 H 3 40 50 &0 D

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

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

- otherwise they move relative to the
ECM I 4

B a o Ga G2 da Htel‘a . dbGS ]
EXTRACELLULAR MATRIX Hronecks OI‘Ce I‘en tb

D ].-f |11]'L"!i'i'1| { lr:-':rl:'.'i‘i'?-

Mf:m |:1'"ri-i-1 - vf.'jl — M)

it | men| = 0em

mcm

o

cm

% < Darcy's-type law

* L.P. & A. Tosin, J. Math. Biol. 58, 625656, (2009)

Viel
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Modelling the interaction between cells and ECM

- 1f cells are not pulled strong enough
they they stick to the ECM

F ow a9 @y .Y - otherwise they move relative to the
3 e . s H.':. st T B ” B ECM
B - bt A @i A - Interacljo AdbeSI.On
EXTRACELLULAR MATRIX fibronectin 1 f()rce Stl‘é‘]] tb
() it |111r:.;-n| < OTcm
Mf:m |:1'"ri-i-1 — vf.'jl — Ml

it | men| = 0em

!

_I_
T em . .
Ve — Vi = 1 — _ L. Ef.'i'i"tv ) {E}GTL‘-} .
V- (6.T.)]

* L.P. & A. Tosin, JMB, (2008)
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Modelling the interaction between cells and ECM
I‘ELS{XQ.XS.H _ _{nn\an} B _{3{'_}{.3_1 {_kf{'l{Xﬂr - ﬂ)f B ﬂ-}hf}

~ a (v&{xﬁf) — V'ﬁ(}{.f-)) . a— 0,
G. Vitale & L.P., M34S, (2010)

o N

E:Obﬁir

0 v | ;
PP miRAcLE |y Mo Oty
; OLCURS . R

rX% X" 1)

T TUNK Nou SHOWD #£ MORE B
EXPLIOT HERE N STEP TWO," 1

Figure 8. © 1975 by Sidney Harris — American Scientist magozine



Modelling the interaction between cells and ECM

Contribution due to porosity and tortuosity (in 3D)

Illgﬂ{}{:t) = M (x,t) — v’ (x,t)),

Contribution due to adhesion

Ao V
_I:\\.rrx.:l”l::xn. f':l _ / frhjl::){ﬂ., . fl:l da | v

<0

ad fmie

Iuﬂd [er . t:l — _L-_rx_--_i! / I'rle:::{ﬂ a t:lffld [Kt._l a. f] da. .
0
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Modelling the adhesive contribution
Evolution equation
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ot da

p . 400
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40

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

r0 ; - o
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Modelling the adhesive contribution
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Modelling the adhesive contribution
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Modelling the interaction between cells and ECM

C(Fmic(a)) = QH(F — Fo) + ¢ (Fric(a))
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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 ECM
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