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Outline

*Angiogenesis, neovascularization in context of
solid tumor growth

*Systems Biology: PDE models of cell signaling.



Mechanism of tumor neo-
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*Tumor cells prefer glucose as a nutrient.
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*Angiogenic phenotype is the result of a net balance of
endogenous stimulators and inhibitors of angiogenesis.

Activation

*The expression of angiogenic growth factors is
increased in the tumor regions neighboring its necrotic
area.
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Elood vessel

*Both hypoxia and hypoglycaemia may increase the
expression of angiogenic factors.
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«Continuum approximation: super-cell macro scale exterior

*Role of cell adhesion and motility on tissue invasion and metastasis
Idealized mechanical response of tissues

*Coupling between growth and angiogenesis (neo-vascularization):
necessary for maintaining uncontrolled cell proliferation

*Genetic mutations: random changes in microphysical parameters cell
apoptosis and adhesion

*Limitations: poor feedback from macro scale to micro scale
(Greenspan, Byrne & Chaplain, Anderson & Chaplain,Levine...)



Cell proliferation and tissue 1nvasion

Greenspan, Chaplain, Byrne, ...

Cell proliferation: in the
tumor is a balance of mitosis
and apoptosis (mitosis 1s
responsible for reproduction
of mutated genes) and is one
of the two main factors
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Evolution of nutrient: Oxygen/Glucose

Greenspan, Chaplain, Byrne, ...

Oncotic pressure: affects

=0 (quasi-steady nutrient .
assumption). Tumor concentration bloood flow and delivery of
| in blood nutrients (and chemotherapy

growth time scale Diffusion

(~1 day) large \ Z X dmjs)

compared to typical
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Nutrient

Blood-to-tissue nutrient
transfer rate function.

_ Spatial distribution of
consumption by the capillaries: OUTPUT
cells FROM ANGIOGENESIS



More complex Biophysics

Simplified cell-cycling model A4, (0) =bo

*Blood-tissue transfer of nutrient
A (O'B -0, P, —P,X,t) =A, h(GB —(7)~(PB - P),

h(o,—0)=(0,—0)9,

Capillary

*Avascular, angiogenesis and fully vascularized growth

Nonlinear interaction between

> developing vasculature and tumor
growth



Angiogenesis
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ECM/MMP Regulation of VEGF

Lee, Jilani, Nikolova, Carpizo, Iruela-Arispe JCB. 2005.
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A 120-121 '
113-114 | 135-136
#463 |11 #375
‘I[ 114 159 164 aa
exons 1-5 exons 6b-7 emnE
Receptor ECM
binding binding
c = I | VYVEGF164
11 1113 YEGF113
[ [ [ VEGFA109-118
—
A109-118

Insoluble VEGF + Matrix Metalloproteinases —>
(ECM) (Endothelial cells)

*Different signaling outcomes through VEGFR2
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Effect on EC growth

Beads containing cells embedded 1n fibrin/fibronectin gels
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*VEGF 113: Sheets proliferation)
VEGFD108-118: Chords
VEGF 164: Both



Effect on Vessel Morphology
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Effect on tumor growth

Wiid Type VEGF184
B m——
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Tumor

*Soluble VEGF poor
prognosticator of tumor
progression

*Matrix-bound VEGF
yields more efficient
angiogenic response

Adjacent Skin




Mathematical model

Anderson, Chaplain, Macdougall, Levine, Sleeman, Sun, et al BMB 2005,...

Endothelial cell concentration e: Zheng,Wise,Cristini BMB 2005
form the lining of the capillary
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Numerical method

[evel-set/Finite-element formulation (Mixed methods, LDG, EPC)

Zheng, Wise, Cristini,. Bull. Math. Biol. 2005
Zheng, Anderson, Cristini, J. Comp. Phys. 2005
Zheng, Lowengrub, Anderson, Cristini, J. Comp. Phys. 2005

5

iy
I
k] .
<L
13

° ° R kI A e SR R A e <
°Adapt1V ¢ computation al mesh o S R
Mg v, VAV AV 4 eyt vty AVt TAVANANA
S R AL EAC A LA i L]
R e VAT YAV AT i A b o b o
P s 8 VAV Y A A %
i i S
N b ey ri SRR e A oVl e e
1et1ini ; A, O AR AL AR e A
Crist tal. J.C Zheng et al. J. Comp. Phys (2005 ; ‘ AR R e
ristimi ef al. J. comp. eng ct al. J. L.omp. S 1D )k e Sy B R A i R O
SNBSSl vl S A
MEl N | Vv-“vw%!mg»t&v«mm«vf R
f i ~ i 10+ 4‘5"“"’ et T e AP i oA
; v, | . T paeaNAva S rivay g v
R A RS e R
Ay e Py Y
A i v S Y v
AN AN R S i R
OO A
o R P A ]
It A v ST S TS
EANAYAY, Ly
5p Bl (D A e B
AT, ey KR
“V sV RaTA ey AN R
LTSl R Sy Ve,
7 ”‘Mﬁ'ﬂ"“ﬂh‘m S SRR OO S
G T P AR AT A YAV,
‘ywesz«mghnwm&: XA TAY
) Aﬂ“ﬂi?“?.".‘"b—'y‘:é'eﬂh O
Aﬁwg&‘a‘#‘?ﬁ%‘lﬁ R AR T
AR o B e U e e
PRV U TS b T, b e Ay
0 Y sy T v ey Ak
V»F?ﬁ'ﬁi&i&w‘. T e AR T
R PRI R AP PRI Kl o e e SO
A"}‘Mm o L S L A T .
DB s 5 e NS a s v e mis AN R et o RO VAN B MR e Sy
| AN e E e L e e WATATAN Sy s et
LA A AR AR NV R AN VAV s
LA R A OO R AN AT I D AR -
m’iﬂ\w GATEEE st Sy N S e ANV AT Ty
e Sy g S R e T O ATy LRI NIN\ TN AR A AR
VAR 25 ST Ty sl S C T TN et T AT e o AT Py
SR e g N o o e e et A i
5 """‘ L] b S v e iy e el e gl DL
STy, SRR N AT AN G 3 A P Ve AV
“ PAVAY. Vi R e S i e e S L
RS Eranig ST N R e s e
Rarsts LR A AT AO R T A T -
NERED T g At ST ey
¥] e T M AN A S R A
/ Am"“ g P A v FATAVANAYi vy P
St e A AR SR
Wavgpiry e Pt Ry et Sy o L hrdl
L A B A e DA Ak
Y AR vt BN Ky vy Coiy P e
Y A ST v
B TR e Ty A v,
" ., “y e el P A L
5 A e A S AVANEY L R SR A Y R,
s e R g it B AL K ey
e e U SR S Lo O e
VAot Vg e A g PRV b e gy Lok K Rh A A LA
e sa e e S e ST s SRR AR
N\ SR R R S (A o e
W N A e R ORI ey
e RN, AP it e 2 T N e TN L B

Mesh: System of springs (energy)
Local Operations — > Minimum energy

Optimal mesh
‘ Resolution of physical scales 1, =min(l,/,,...)



’V&I’YD f and ﬂD to mimic Soluble/Insoluble VEGF-A Parameters from literature.
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Mechanism
Distribution of VEGF:

Day 0 L

Insoluble

*Uptake of ECM-bound
VEGF-A by EC produces
large gradient in insoluble case

*(Gradients enhance
chemotaxis



[Later times

Day 70
Partly 10 Brush-border effect
A T -
Soluble 25 *penetration
'19_01;0‘ R T — N I
Soluble - = N D) = Irregular vascular
A ' B development
1 B | Y& *No penetration

*Qualitative agreement with experiment

Experimental results consistent with increased ), and/or decreased S,
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More sophisticated model

Insoluble
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*Variable diffusion for insoluble TAF

*Test coupling with full tumor model
-tumor and vessel development nonlinearly coupled



Fully coupled model

Insoluble

Soluble

kafc_kumar

*Brush-border effect
*Penetration
*Growth of tumor

kafs_tumor

[rregular vascular
development

*little penetration

*Less growth
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Growth of Glioblastoma Multiforme

(parameters from experiments and clinical data)

Simulated growth time: ca. 8 years Zheng, Wise, Cristini, BMB 2005.
Partly soluble Tumor Angiogenesis Factor (e.g. VEGF)

*Tumor and blood vessel morphology develop together
Significant growth of both



Conclusions

* Developed a framework to model tumors through all
phases of growth

*Nonlinear coupling of neovascular development and
tissue/tumor growth

* Qualitative agreement with experiments by Iruela-
Arispe for neovascular morphology

morphology controlled by diffusion/degradation
of VEGF-A

*Needs further work: MMPs, identification of
biophysical mechanisms

*Vascular remodeling/flow, etc.



Ongoing and Future work

* 3D

*Direct modeling of VEGF-A/ECM/MMP
interaction on neovascular morphology.

*Realistic mechanical/diffusional description of tissue

Cell-signaling— macro/micro nonlinear coupling

*Stochastic models

*Finite, complex domains



Genetic mutations, cell- Future WOTk COntd.

differentiation and spatial structure
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Multiscale Mixture Models
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Modeling growth 1n real organs

Breast cancer model

Copyright (c) 2006 The Regents of the University of Califarnia
Created by Paul Macklin - pmacklin@math.uci.edu
http://math.uci.edu/~pmacklin

CancerInTissuePreview




Example from Systems Biology

Morphogen gradients



Extra-Cellular Signaling—
Morphogen gradients
Key collaborators:

Dept. of Cell and Developmental Biology, UCI
Fred Wan Dept. of Mathematics, UCI

Dept of Cell and Developmental Biology, UCI

Qing Nie Dept. of Math., UCI
Yong-Tao Zhang Dept. of Math., UCI ---- (U. of Norte Dame, next year)
Rui Zhao Dept. of Math., UCI ---- (MBI, next year)
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Ventral-Dorsal Patterning of a Drosophila Embyro




Secreted modulators of Dpp
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A Mathematical Description
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Model and Equations
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Dorsal-Ventral Patterning of Drosophila

WT bcd-GCN-Gal4<UAS-Tkv

™ C. Mizutant, Q. Nie, et al.
Developmental Cell 8(6),
2005
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New Graduate Programs at UCI

* A new gateway interdisciplinary Ph. D. program on
Mathematical and Computational Biology starts in Fall, 2006

« UCI was awarded $1M from HHMI in 2006 to create an
interdisciplinary Ph.D. program on Mathematical,
Computational and Systems Biology

3-year development period and subsequent NIH training grant support

* Continuum and PDE modeling 1s one of the focus areas in the
training program



