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Emergent	
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Agent-­‐Based	
  Modeling	
  of	
  Cells	
  	
  

.	
  Discrete	
  agents	
  represent	
  cells	
  

.	
  Agents	
  interact	
  with	
  each	
  
	
  	
  	
  other	
  and	
  with	
  their	
  
	
  	
  	
  environment	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

.	
  Agent	
  behaviors	
  are	
  governed	
  by	
  (literature-­‐based)	
  rules	
  	
  

5	
  



Agent-­‐Based	
  Modeling	
  of	
  Cells	
  	
  

Netlogo	
  Example	
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EC	
  Ac+ons	
  

Survey	
  Environment	
  
(WSS,	
  cytokines)	
  

Determine	
  likelihood	
  
of	
  adhesion	
  molecule	
  

expression	
  

Determine	
  likelihood	
  
of	
  cytokine	
  secre+on	
  

Step	
  

Conduct	
  Plasma	
  Proteins	
  

Monocyte	
  Ac+ons	
  

Migrate	
  

Detach	
  &	
  Move	
  

Call	
  “Survey	
  	
  
Endothelium”	
  

Survey	
  Endothelium	
  

Check	
  adhesion	
  proteins	
  	
  
on	
  ECat	
  current	
  loca+on	
  

Check	
  WSS	
  at	
  current	
  loca+on	
  

Determine	
  rolling	
  likelihood	
  	
  
(WSS	
  &	
  visible	
  selec+ns)	
  

Determine	
  adhesion	
  likelihood	
  
(WSS,	
  cytokines,	
  &	
  visible	
  integrins)	
  

Return	
  to	
  	
  
previous	
  chart	
  

Express	
  adhesion	
  	
  
molecule?	
   yes	
  or	
  no?	
  

Secrete	
  cytokine?	
  
yes	
  or	
  no?	
  

Adhered?	
   WSS	
  Low	
  	
  
Enough	
  to	
  remain?	
  

Migrate	
  or	
  	
  
Return	
  to	
  Flow?	
  

Rolling?	
  

y	
  

n	
  

Time	
  to	
  Survey?	
  

n	
  

y	
  
Adhered?	
  

Wait	
  un+l	
  next	
  	
  
+mestep	
  

y	
   y	
  

n	
   n	
  

y	
  

n	
  

Rolling?	
  
Move,	
  	
  

Con+nue	
  Rolling	
  
y	
  

Detach	
  &	
  Move	
  
n	
  Call	
  “Survey	
  	
  

Endothelium”	
  
y	
  

Adhered?	
   Wait	
  un+l	
  next	
  	
  
+mestep	
  

y	
  

n	
  

Rolling?	
  
Wait	
  un+l	
  next	
  	
  

+mestep	
  
y	
  

Move	
  
n	
  

n	
  

yes	
  or	
  no?	
  

yes	
  or	
  no?	
  

Roll?	
  

Adhere?	
  

85:	
  adhesion	
  molecule	
  
expression	
  	
  

69:	
  chemokine	
  produc5on	
  
&	
  ac5va5on	
  	
  

30:	
  integrin	
  ac5va5on	
  

Agent	
  Rules	
  	
  

11:	
  cell	
  behaviors	
  	
  	
  

~200	
  total	
  rules	
  	
  

~600+	
  papers	
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Agent-­‐based	
  Models	
  

K.	
  Bentley	
  et	
  al.	
  2008	
  

A.Qutub	
  &	
  A.	
  Popel,	
  2009	
  	
  

T.S.	
  Deisboeck,	
  2000	
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Agent-­‐based	
  Models	
  

K.	
  Bentley	
  et	
  al.	
  2008	
  

A.	
  Bailey	
  et	
  al.	
  2009	
  A.Qutub	
  &	
  A.	
  Popel,	
  2009	
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Agent-­‐based	
  Models	
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Wiley,	
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T.D.	
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  (2011)	
  



Mul)scale	
  Modeling	
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Organism	
  

Organ	
  &	
  Tissue	
  

Mul+-­‐Cell	
  

Intracellular	
  

Gene	
  /	
  Protein	
  

…	
  

Time	
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J.	
  Walpole,	
  J.A.	
  Papin,	
  S.M.	
  Peirce	
  (in	
  press)	
  	
  
13	
  



14	
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  Papin,	
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  (in	
  press)	
  	
  

Mul+scale	
  Models	
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  press)	
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Mul+scale	
  Model	
  Taxonomy	
  



ABM	
  Bridging	
  to	
  Intracellular	
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Sprout	
  	
  
Ini%a%on	
  
(Aim	
  1)	
  

Sprout	
  	
  
Extension	
  
(Aim	
  3)	
  

Connec%on	
  
(Aim	
  4)	
  

Successful	
  
Connec%on	
  
(Aim	
  4)	
  

	
  

Branched	
  
Network	
  

Sprout	
  	
  
Guidance	
  
(Aim	
  2)	
  

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

Capillary	
  sprou+ng	
  in	
  the	
  
mouse	
  embryoid	
  body	
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x	
  

VEGF	
  

Flk-­‐1	
  

mFlt-­‐1	
  

cell	
  	
  
behavior	
  

Dll4	
  

Notch	
  

mFlt-­‐1	
  

sFlt-­‐1	
  

Flk-­‐1	
  

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

VEGF-­‐NOTCH	
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ABM	
  Ini+al	
  Geometries	
  



22	
  



23	
  

PDE	
  	
  

ABM	
  

Embryoid	
  Body	
   Governing	
  Rules	
  



	
  sFlt	
  
	
  mFlt	
  

Tip	
  to	
  base	
  gradient:	
  2%	
  

	
  sFlt	
  
	
  mFlt	
  

Tip	
  to	
  base	
  gradient:	
  16%	
  

PDE:	
  Flk-­‐1	
  Ac+va+on	
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Mul+scale	
  Model	
  Workflow	
  

Stochastic Cell 
Behavior 

Updated Cell 
Location & Shape 

VEGF Receptor 
Activity 

VEGF Diffusion & 
Receptor Activation 

Δt 

Cell	
  Migra+on	
  
Mitosis	
  

Apoptosis	
  
Etc.	
  	
  

1.  Cells	
  receive	
  signaling	
  cues	
  from	
  
receptor	
  binding	
  inputs	
  

2.  Cells	
  respond	
  with	
  behaviors	
  such	
  as	
  
Migra+on	
  and	
  Mito+c	
  Cell	
  Division	
  

3.  Boundary	
  condi+on	
  “landscape”	
  has	
  
changed	
  and	
  require	
  upda+ng	
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Stochastic Cell 
Behavior 

Updated Cell 
Location & Shape 

VEGF Receptor 
Activity 

VEGF Diffusion & 
Receptor Activation 

Δt 

1.  Cells	
  receive	
  signaling	
  cues	
  from	
  
receptor	
  binding	
  inputs	
  

2.  Cells	
  respond	
  with	
  behaviors	
  such	
  as	
  
Migra+on	
  and	
  Mito+c	
  Cell	
  Division	
  

3.  Boundary	
  condi+on	
  “landscape”	
  has	
  
changed	
  and	
  require	
  upda+ng	
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Mul+scale	
  Model	
  Workflow	
  



Soluble	
  Growth	
  
And	
  Migra+on	
  

Factors	
  
	
  

Stochastic Cell 
Behavior 

Updated Cell 
Location & Shape 

VEGF Receptor 
Activity 

VEGF Diffusion & 
Receptor Activation 

Δt 

1.   VEGF	
  is	
  produced	
  and	
  allowed	
  to	
  
diffuse	
  based	
  on	
  boundary	
  condi+ons	
  

2.  Receptor	
  binding	
  is	
  determined	
  based	
  
on	
  molecular	
  kine5cs	
  

3.  Ac+vated	
  receptors	
  serve	
  as	
  outputs	
  
to	
  the	
  agent	
  based	
  model	
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Mul+scale	
  Model	
  Workflow	
  



Stochastic Cell 
Behavior 

Updated Cell 
Location & Shape 

VEGF Receptor 
Activity 

VEGF Diffusion & 
Receptor Activation 

Δt 

Cell	
  Migra+on	
  
Mitosis	
  

Apoptosis	
  
Etc.	
  	
  

1.  Cells	
  receive	
  signaling	
  cues	
  from	
  
receptor	
  binding	
  inputs	
  

2.  Cells	
  respond	
  with	
  behaviors	
  such	
  as	
  
Migra+on	
  and	
  Mito+c	
  Cell	
  Division	
  

3.  Boundary	
  condi+on	
  “landscape”	
  has	
  
changed	
  and	
  require	
  upda+ng	
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Mul+scale	
  Model	
  Workflow	
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Mul+scale	
  Model:	
  Flk-­‐1	
  Ac+va+on	
  

PDE	
  



Output	
  Metrics:	
  Sprout	
  Loca+ons;	
  Sprout	
  Angles;	
  Sprout	
  Length;	
  Sprout	
  Persistence;	
  
Connec+on	
  Rate;	
  Retrac+on	
  Rate;	
  Successful	
  Stable	
  Connec+ons	
  

ABM	
  

PDE	
  

Stochas+c	
  Cell	
  
Behavior	
  

Updated	
  Cell	
  
Loca+on	
  &	
  Shape	
  

Compare	
  Metrics	
  

VEGF	
  Receptor	
  Ac+vity	
  

VEGF	
  Diffusion	
  &	
  
Receptor	
  Ac+va+on	
  

Perturba5ons:	
  cons+tu+ve	
  or	
  inducible	
  knockouts;	
  pharmacological	
  inhibi+on	
  of	
  signaling	
  
pathways;	
  rescue	
  with	
  transgenes;	
  mosaic	
  experiments	
  

Computa+onal	
  Modeling	
  

t0	
  
Dy

na
m
ic
	
  Im

ag
in
g	
  

t0	
  
tfinal	
  

t0	
  
tfinal	
  

Δt	
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Mul+scale	
  Model	
  Valida+on	
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ABM	
  Bridging	
  to	
  Tissue-­‐Level	
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H.	
  Hayenga,	
  B.C.	
  Thorne,	
  P.	
  Yen,	
  J.A.	
  Papin,	
  S.M.	
  Peirce,	
  J.D.	
  Humphrey	
  (2012)	
  



NO,	
  ET-­‐1,	
  PDGF-­‐AB	
  

	
  
	
  
	
  

TGF-­‐β,	
  PDGF-­‐AB	
  
	
  

MMP-­‐1,	
  MMP-­‐2,	
  	
  
MMP-­‐9	
  
	
  

TGF-­‐β	
  
	
  

Collagen	
  

PDGF-­‐AB	
  
	
  

MMP-­‐1,	
  MMP-­‐2,	
  	
  
MMP-­‐9	
  
	
  

Gela+n	
   Shear	
  
Stress	
  

Circumferen+al	
  	
  
Stress	
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Stochastic 
iteration 

New σθ, τw 

Prescribe Initial 
Geometry & 

Loads 

Increase pressure 

Production of NO, ET-1, 
PDGF, TGFβ, MMP-1,2,9 

Produced collagen, 
Proliferation/ Apoptosis 

Produced collagen, 
Proliferation/ Apoptosis 

New geometry & stress New geometry 

Update every 
6 hrs. 

Update every 
6 hrs. 

ABM CMM 

,	
  

Properties 
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Mul+scale	
  Model	
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B.C.	
  Thorne,	
  H.	
  Hayenga,	
  J.D.	
  Humphrey,	
  S.M.	
  Peirce	
  (2011)	
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Objec+ve	
  Func+on:	
  

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

Normotensive	
   Hypertensive	
  

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

No	
  congruency	
  
check	
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H.	
  Hayenga,	
  B.C.	
  Thorne,	
  S.M.	
  Peirce,	
  J.D.	
  Humphrey	
  	
  (2011)	
  

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

With	
  
congruency	
  

check	
  of	
  
different	
  input	
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With	
  
congruency	
  

check	
  
(normotensive)	
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Experiment	
   Return	
  to	
  normal	
  wall	
  stress	
   Cita5on	
  

Systolic	
  pressure	
  increase	
  
of	
  24%	
  in	
  rats	
  

140	
  days	
   	
  Wolinsky	
  (1972)	
  

Systolic	
  pressure	
  increase	
  
of	
  30%	
  in	
  rats	
  

126	
  day	
   	
  Matsumoto	
  &	
  Hayashi	
  (1994)	
  

Model	
  Valida+on	
  

Model	
   Return	
  to	
  normal	
  wall	
  stress	
  

CMM	
  Systolic	
  pressure	
  
increase	
  of	
  30%	
  in	
  
mouse	
  

70	
  days	
  

ABM	
  Systolic	
  pressure	
  
increase	
  of	
  30%	
  in	
  
mouse	
  

350	
  day	
  

With	
  congruency	
  (both	
  
ABM	
  and	
  CMM)	
  

125	
  



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

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

Confidence	
  Scoring	
  of	
  ABM	
  Rules	
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U+lity	
  of	
  Computa+onal	
  Modeling	
  

§ 	
  Iden5fy	
  key	
  parameters	
  

§ 	
  Quan5ta5vely	
  pinpoint	
  voids	
  in	
  understanding	
  

§ 	
  Compare	
  alterna5ve	
  hypotheses	
  

§ 	
  Suggest	
  and	
  refine	
  new	
  hypotheses	
  

§ 	
  Calculate	
  what	
  can’t	
  be	
  measured	
  

Accelerate	
  discovery	
  process	
  

(Drug	
  target	
  iden%fica%on)	
  

(Mechanism	
  of	
  ac%on)	
  

(Determine	
  side	
  effects	
  &	
  compensatory	
  pathways)	
  

(Predict	
  dosing	
  and	
  potency)	
  

(Combina%on	
  therapies)	
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U+lity	
  of	
  Mul+scale	
  Modeling	
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In	
  our	
  experience…	
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•  Requires	
  close	
  collabora+on	
  &	
  trust	
  
	
  
•  Conceptual	
  challenges	
  >	
  computa+onal	
  challenges	
  
	
  
•  Experimental	
  valida+on	
  is	
  no	
  less	
  important	
  but	
  it	
  is	
  
easier?	
  

	
  
•  Model	
  simplifica+on	
  strategies	
  and	
  choice	
  of	
  
parameters	
  in	
  one	
  model	
  can	
  impact	
  predic+ons	
  of	
  the	
  
other	
  	
  
ü  Sensi+vity	
  analysis	
  is	
  important	
  
ü  Internal	
  validity	
  checking	
  
ü  Valida+on	
  against	
  experimental	
  data	
  



Future	
  Work	
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Mul+scale	
  FE	
  and	
  ABM	
  that	
  predicts	
  
muscle	
  +ssue	
  adapta+on	
  to	
  surgery	
  

!

before surgery after tendon transfer surgery 

?	
  

S.	
  Blemker	
  



!

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

muscle	
  
fiber	
  
agents	
  

myofibroblast	
  
agents	
  

Mul+scale	
  FE	
  and	
  ABM	
  that	
  predicts	
  
muscle	
  +ssue	
  adapta+on	
  to	
  surgery	
  

S.	
  Blemker	
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