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Emergent Phenomena




Agent-Based Modeling of Cells

. Discrete agents represent cells

. Agents interact with each
other and with their
environment

. Agent behaviors are governed by (iiterature-based) rules



Agent-Based Modeling of Cells

Netlogo Example
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Agent-based Models

T.S. Deisboeck, 2000
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Agent-based Models

A.Qutub & A. Popel, 2009
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Agent-based Models

. Kim, S. Christley, J.C. Alverdy, D. Liu, G. An (2012)
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Organism

Organ & Tissue
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Intracellular

Gene / Protein




Spatial Scale (m)

102 =

1073 =

10 -

107 <

J. Walpole, J.A. Papin, S.M. Peirce (in press)
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Multisystem &
Organism
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Multiscale Model Taxonomy

Multiscale Inputs
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Capillary sprouting in the
mouse embryoid body

Sprout Sprout
Initiation '> Guidance '>
(Aim 1) (Aim 2)

F. Mac Gabhann, S.M. Peirce, V. Bautch (2012)

Sprout
Extension
(Aim 3)

p

Connection
(Aim 4)

p

Successful
Connection
(Aim 4)

p

Branched
Network
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VEGF-NOTCH

behavior

F. Mac Gabhann, S.M. Peirce, V. Bautch (2012)
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SPROUT CHARACTERISTICS:
* Number

SPATIAL PARAMETERS:
* Node Locations

* Cell Volume/Area

Update Geometry
and Gradient

Send Gradient

GRADIENT INFORMATION:

« [VEGF] * Bound Receptors/
* [sFlt] Membrane Node




ABM Initial Geometries

GO ST o 0

Load-image

Draw-Grid

Make Cell

Make Connectbons

Output -Dimentions

Mowve Cell Nodes

Clear Background

Delete Cells

Reser

P rm—
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Embryoid Body Governing Rules

qVEGFR2 = qVEGFR2,,,in + (QVEGFR2 jy0x — qVEGFRzml,n)e—k-A(t{ive_!\’()T(;H

dActive NOTCH
dt

= Kucrivation * Inactive NOTCH + Z DLL4 — kgeq * Active NOTCH

cells




PDE: Flk-1 Activation

Y. Hashemboy, F. Mac Gabhann, S.M. Peirce, V. Bautc
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Multiscale Model Workflow

Cell Migration
Mitosis
Apoptosis
Etc.
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Multiscale Model Workflow
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Multiscale Model Workflow

Stochastic Cell
Behavior

<
v hal
e s
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Activity

Updated Cell > ‘VEGF Diffusion &
Location & Shape Receptor Activation

Soluble Growth
And Migration
Factors

1. VEGF is produced and allowed to

2.

diffuse based on boundary conditions
Receptor binding is determined based
on molecular kinetics

Activated receptors serve as outputs

to the agent based model
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Multiscale Model Workflow

Stochastic Cell VEGF Receptor
Behavior ¢ <z Activity
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Perturbations: constitutive or inducible knockouts; pharmacological inhibition of signaling
pathways; rescue with transgenes; mosaic experiments
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Multiscale Model Validation

VEGF-Gradient Threshold:

Number of Tip Cell Events
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Multiscale Model

Prescribe Initial CMM
Geometry &

Properties

o, = 100kPa
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TABLE 2. Listed are both the initial values of the parameters and the bounds that defined the search space
used in the genetic algorithm to improve congruency between ABM and CMM predictions of smooth muscle

and collagen mass via Eq. (5).

Parameter Initial value Lower bound Upper bound After genetic algorithm
KS, 1 0.1 10 1.1

K:, 10 0.1 10 3.85

KE, 1 0.1 10 2.85

K 10 0.1 10 8.75
MMP-1, 269E-04 269E-05 2.69E-03 9.47E-04
MMP-19ca 0.39 0.039 3.9 1.04

Co 0.009 0.0009 0.09 0.07

Crar 114.94 11.49 1149.42 13457

M, —1.45E+09 —1.45E+10 —9.69E+08 —1.53E+09
M, 80,000 53333.33 120,000 6.12E+04
Mgy 71020 7102 106530 9.89E+04
Maz 100 66.66 1000 22321
PDGF,, 4.79E-07 319E-07 7.19E-07 7.03E-07
PDGF, 417E-05 417E-06 6.256E-05 6.17E—-05
TGFf,, 1.65E—06 1.65E—07 1.65E+05 7.87E-06
TGFf, 1.03E—-04 1.03E-05 1.03E-03 3.69E-04

Note that 16 parameters were allowed to vary: CMM (top 4 rows) and ABM (bottom 12 rows). See Egs. (1) and (2),
Appendix, and Table 1 in Thorne et al>” for associated constitutive equations, definitions, or rules. Also listed are the

final values of the parameters folowing minimization.

H. Hayenga, B.C. Thorne, S.M. Peirce, J.D. Humphrey (2011)

)
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ABM Prediction

Normotensive Hypertensive

H. Hayenga, B.C. Thorne, S.M. Peirce, J.D. Humphrey (2011)
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Model Validation
Experiment | Returntonormal wall stress | Citation |

Systolic pressure increase 140 days Wolinsky (1972)
of 24% in rats
Systolic pressure increase 126 day Matsumoto & Hayashi (1994)

of 30% in rats

m Return to normal wall stress

CMM Systolic pressure 70 days
increase of 30% in
mouse

ABM Systolic pressure 350 day
increase of 30% in
mouse

With congruency (both 125
ABM and CMM)
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Confidence Scoring of ABM Rules

1. ARTICLE AGREEMENT

0=0

Tor2=5

Jord=7

Sor6=9

7 and above = 10

2. PHYSIOLOGICAL METHODS

I vivo, non-linear, residual, anisotropy, heterogeneity accounted for = 10
Ex vivo, pre-conditioned, acute testing, comp. sound =&

Ex vnvio, cultured, pre-conditioned, comp. sound = 6

I witro, acute testing, environment sound = 4

in witro, culture = 2

3. SIMILARITY

Cell type: endothelial or SMC = 10; all others = 0

(Organ system: arterial = 10; other vessels or organs = 0
Species: mouse = 10; all others =0

Emvironmental conditions: i vivo = 10; all others = 0%

4. DATATYPE

Murnerical = 10

Theoretical =6

Descriptive = 2

Measured directhy = 10; protein determination by absorbance,
glectrophoresis

Measured indirectly = 6; amount inferred through the magnitude of
fluorescence/stain intensity

Extrapolated = 4

Descriptive = 2

B.C. Thorne, H. Hayenga, J.D. Humphrey, S.M. Peirce (2011)
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Confidence Scoring of ABM Rules

Rule SMC production of PDGF-AB (stress dependent)
Researcher 1 Researcher 2

Relevant papers Li ot al. Ma et al. Li ot al. Ma et al.
(1995) (1999) {1995) {1999)

1. Article agreement 0 7 B 5

2. Physiological methods 6 4 6 6

3a. Same species 0 0 0 0

3b. Same organ 10 10 10 10

3c. 5ame cell type 10 10 10 10

3d. Same i wwo state 5 5 10 10

3. Similanty metnc total: 6.25 6.25 75 75

4a. Numerical 10 10 10 10

4b. Measured directly 7 7 B 5

4c. Many data points 2 4 2 2

4. Data type total 6.33 7 5.67 5.67

Average confidence 4 65 6.06 6.04 6.04

Composite score 5.36 6.04

B.C. Thorne, H. Hayenga, J.D. Humphrey, S.M. Peirce (2011)



Hunt et al. Theoretical Biology and Medical Modédling 2011, 835
httpy//www.tbiomed.com/content/8/1/35 THEORETICAL BIOLOGY AND
MEDICAL MODELLING

REVIEW Open Access

Relational grounding facilitates development of
scientifically useful multiscale models

C Anthony Hunt'", Glen EP Ropella®, Tai ning Lam® and Andrew D Gewitz*

<— Relational Grounding Absolute Grounding —>
<«—— Discovery/exploration Precise predictions —»
<«— 00, AB, Actor Continuum mathematics —»

Problem-Phenotype Characteristics

3 o
5 Measures »
s I B
o 2
:
y | Uncertainty %
= I -
-

so System Information °3

o=

T T | £5

» . . . oo

® o Fine-grained, generative knowledge Ty =)

of systemic, phenotypic attributes

Most Most
Biomedical Engineering & Many
Research Problems Biophysics Problems
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Utility of Computational Modeling

" |dentify key parameters (Drug target identification)

" Quantitatively pinpoint voids in understanding

(Mechanism of action)

= Compare alternative hypotheses

(Combination therapies)

" Suggest and refine new hypotheses

(Determine side effects & compensatory pathways)

= Calculate what can’t be measured
‘(Predict dosing and potency)

Accelerate discovery process




Utility of Multiscale Modeling
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Multiscale Inputs

In our experience...

Y Y

Requires close collaboration & trust

Conceptual challenges > computational challenges

Simulation Scale 2

®
3
5
B
E
A

Experimental validation is no less important but it is
easier?

v
Model simplification strategies and choice of Al
parameters in one model can impact predictions of the
other

v Sensitivity analysis is important
v' Internal validity checking
v" Validation against experimental data
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Multiscale FE and ABM that predicts
muscle tissue adaptation to surgery

after tendon transfer surgery

'

before surgery
] N

S. Blemker



Multiscale FE and ABM that predicts
muscle tissue adaptation to surgery

micromechanical model agent-based model (init) agent-based model (ﬁnal)r

St —=T]

muscle myofibroblast
fiber agents
agents

S. Blemker
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