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Single Cell Model

Modeling of cellular signaling

@ to understand behavior of single cell

@ to predict cell viability and growth rate in
tissue during therapy

@ to optimize therapy

Receptor clustering

@ observed for:
e many members of TNF

family )
e medium and high
ligand concentrations H H | |

@ simplest signaling unit:
2 ligands + 2 receptors
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© Modeling Framework
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General Modeling Framework ?

System
x=Sv(x,p), x(0)=xo
in which
@ x € R" ... concentration vector
@ S € R™M . stoichiometric matrix

@ v & R™ ... reaction flux vector

@ p € RY ... parameter vector
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General Modeling Framework (P

System
x=Sv(x,p), x(0)=xo
in which
@ x € R" ... concentration vector
@ S € R™M . stoichiometric matrix

@ v € R™ ... reaction flux vector

@ p € RY ... parameter vector

Questions
@ Which concentrations are important?

@ How can we model the system with a small number of parameters?
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Outline

© Receptor Clustering
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Ligand-Receptor Interaction

Elementary components

“ TRAIL trimer °

Interactions

e + @ — @

»-i-. ;‘*

e W -

receptor monomer (TR1, TR2)

B+ - B
B @ - B
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Ligand-Receptor Interaction

Elementary components

“ TRAIL trimer ® receptor monomer (TR1, TR2)

Interactions

o+ o =eo B+ - B
B - D@ - D

e W -

— small number of interactions types
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Ligand-Receptor Interaction

Elementary components

“ TRAIL trimer ® receptor monomer (TR1, TR2)

Interactions

e+e —m B = B
Boc - - PO

signaling

W - -

— small number of interactions types

— only number of stabilised receptor dimers of interest for signaling
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Ligand-Receptor Interaction

Elementary components

“ TRAIL trimer ® receptor monomer (TR1, TR2)

Interactions

e+e —m B = B
Boc - - PO

signaling

W - -

— small number of interactions types
— only number of stabilised receptor dimers of interest for signaling

— assumption: no mixed TR1-TR2-TRAIL complexes
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State Variables

Enormous number of different spatial structures

Two connected TRAIL trimers
= more than 20 different spatial structures
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State Variables (P

Enormous number of different spatial structures

Two connected TRAIL trimers
= more than 20 different spatial structures

= model contains only a small fraction of the possible complexes
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State Variables

Enormous number of different spatial structures

Two connected TRAIL trimers
= more than 20 different spatial structures

= model contains only a small fraction of the possible complexes

Considered states

R Ry  TRAIL G G G
Cs GCs Go
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Model of Receptor Clustering

Reaction network

R+ R

TRAIL 4 R>

G+ G
G+ G
G+ G
G+ G
G+ G
G+ G
G+ G
G+ G
G+ G

k_10
kg

k—11

R>
G
G
G
Cs
o
G
GCs
(@5
Ge
Ce

List®

Modeling of TRAIL-Induced Receptor Clustering, Jan Hasenauer

20



Model of Receptor Clustering

Reaction network

kq
R+ R k‘i R>

k:
TRAIL + R k:z G
;32
G+ G = G
k_3
kg,
G+ G — (&}
k_a
ks
G+ G = Cy
k_s5
ke
G+ G = Cy
k_6
k7
G+ G — Cs
k_7
kg
G+ G = Cs
k_g
kg
G+ G = Ce
k_o
kig
G+ G = Ce
k_10

k11
G+ G = GCe

k—11

Reaction rate constants

w + Ly ks = ksoexp —%)
v k_ b
5] k75 = k5‘0 exp +%)
ks ke = ke,0exp ( — %>
BQ - B — ; RT
k_g b . AEg+AHg
k—e = ke0exp(+=—F—

Interrelation of the parameters

€G3

@ AHs = AHrr = AHs
@ AE; = AFrp = AFg
@ kso =f(Ci, G3)

@ keo=f(C, 02) state

E |a+a
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Model of Receptor Clustering

Reaction network

kq
R+ R k‘i R>

k:
TRAIL + R k:z G
;32
G+ G = G
k_3
kg,
G+ G — (&}
k_a
ks
G+ G = Cy
k_s5
ke
G+ G = Cy
k_6
k7
G+ G — Cs
k_7
kg
G+ G = Cs
k_g
kg
G+ G = Ce
k_o
kig
G+ G = Ce
k_10

k11
G+ G = GCe

k—11

Reaction rate constants

w + Ly ks = ksoexp —%)
v k_ b
5] k75 = k5‘0 exp +%)
ks ke = ke,0exp ( — %>
BQ - B — ; RT
k_g b . AEg+AHg
k—e = ke0exp(+=—F—

Interrelation of the parameters

€G3

@ AHs = AHrr = AHs
@ AE; = AFrp = AFg
@ kso =f(Ci, G3)

@ keo=f(C, 02) state

E |a+a

= 9 species, 10 parameter
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Model Reduction

Applied simplifications:
@ small number of considered TRAIL-receptor complexes
@ homogene receptor distribution on membrane

@ approximation of reaction rates
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Model Reduction

Applied simplifications:
@ small number of considered TRAIL-receptor complexes
@ homogene receptor distribution on membrane

@ approximation of reaction rates

©@ model maybe oversimplified

@ already this simple model contains irrelevant information
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Model Reduction

Applied simplifications:
@ small number of considered TRAIL-receptor complexes
@ homogene receptor distribution on membrane

@ approximation of reaction rates

©@ model maybe oversimplified

@ already this simple model contains irrelevant information

M*M Sl -
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Model Reduction

Applied simplifications:
@ small number of considered TRAIL-receptor complexes
@ homogene receptor distribution on membrane

@ approximation of reaction rates

©@ model maybe oversimplified

@ already this simple model contains irrelevant information

Simulation-based model reduction

detailed model
u(t)— 1) detailed ODE model —P¥(t)

2) Monte-Carlo simulation o Input: U(t) _ [TRAIL](t)
\ / e Output: y(t) = ([R3](¢),.-.)

reduced model
x = f(x) + g(x, u)
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Outline

© Intracellular Signaling
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Receptor Production, Degradation and Internalisation (P

= ISt0 Modeling of TRAIL-Induced Receptor Clustering, Jan Hasenauer 11/20



Receptor Production, Degradation and Internalisation (P

ﬂroduction

Production

0 R

- ist® Modeling of TRAIL-Induced Receptor Clustering, Jan Hasenauer 11/20



Receptor Production, Degradation and Internalisation (P

ﬂroduction N .

\
v

O
Y

e

R
degradation

Degradation
k— k— k_ . .
R =0 R, =0 G = 0with i ={1,...,6}
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Receptor Production, Degradation and Internalisation (P

ﬂroduction N .

.i
s o4
L
’ - . . .
, e internalisation
v L7
AY
v Vb

e

R
degradation

D
Y

Internalisation (considering the dead time)

S8 (7= 1)- Ry with i = {1,...,5} Co 36 Ry
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Receptor Production, Degradation and Internalisation

ﬂroduction N .

internalisation
AY
N

D
AS
AR
~
\\ N
\
AY
\
\
\
\
@/

antiapoptotic
e signaling
7
degradation proapoptotic
signaling

Adaptor protein binding

relatively fast = neglected so far!
L Ist®
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Caspase-Cascade Activation (P

T

8D ——> 8 < ™~ JCARP
Y<—@

* < cell
death

— Not only internalised receptor pairs can catalyse Caspase 8 activation!
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Overview over Intracellular Signaling

| organ level |

{

TRAIL receptors
cell

: v

f Adaptor

) Mitochondrium
proteins

cytosol

nucleus

Caspase

cascade

Apoptosis

@ How do TRAIL-receptors activate NF-xB?

@ How important is the mitochondrial pathway?
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Outline

@ Preliminary Results
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Differences: TRAIL-receptor 1 and TRAIL-receptor 2 ?

Comparison
e TR1: apoptotic signal for T%?IL m?—%gﬁ"
free and membran TRAIL N
@ TR2: apoptotic signal only l \\ l
for membran TRAIL pEY
TR1 TR2
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Differences: TRAIL-receptor 1 and TRAIL-receptor 2 ?

Comparison
e TR1: apoptotic signal for T%i\eIL m?—%gﬁ"
free and membran TRAIL N
@ TR2: apoptotic signal only l \\ l
for membran TRAIL pEY
TR1 TR2

Hypothesis

Different signaling strength is due to differences in the receptor-receptor
interaction which leads to altered clustering properties.
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Differences: TRAIL-receptor 1 and TRAIL-receptor 2 ?

Comparison

e TR1: apoptotic signal for T%i\eIL m?—%gﬁ"
free and membran TRAIL N

@ TR2: apoptotic signal only
for membran TRAIL

TR1 TR2

Hypothesis

Different signaling strength is due to differences in the receptor-receptor
interaction which leads to altered clustering properties.

Can our model reproduce this?

Yes! Comparatively minor changes in three of the ten <-->
parameter which describe the clustering dynamics can
lead to a dramatic change in the outcome.
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Outline

© Summary/Outlook
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Q1:
Al:

Q2:

A2:

Summary

Which concentrations are important?

For the intracellular signaling mainly the
concentration of stable receptor-receptor
complexes.

How can we model the system with a small
number of parameters?

By considering the relation between the different
types of reactions.

= preliminary model of receptor clustering and intracellular network

which reproduces the qualitative datal
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Outlook (1): Single Cell Model ?

NF-xB activation

mitochondrial pathway Lo

cell cycle &

parameter estimation 50

(single cell and cell population)

cell viability [%]

25

@ model validation

100*3 1072 107! 10° 100 102 10°
@ experimental design TRAIL [ng/ml]

@ model reduction

Cooperations

— Peter Scheurich, Malgorzata Doszczak (1ZI, Uni Stuttgart)
— Rolf Findeisen, Steffen Borchers (FORSYS Magdeburg)
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Outlook (2): Multi-Scale Model

@ coupling of single cell,

. . )\
organ and organisum level j‘ organismus |
@ development of a common v oA
simulation plattform
L. ) . dose organ
@ comparision of simulation
results with measurements v oA
o development of offline and el (;ff,

online optimisation strategies

Cooperations

— Rainer Helmig, Karin Erbertseder (IWS, Uni Stuttgart)

— Matthias Reuss, Holger Perfahl (IBVT, Uni Stuttgart)

— Rolf Findeisen, Steffen Borchers (FORSYS Magdeburg)

— Jorg Lippert, Thomas Eissing (Bayer Technology Services GmbH)
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Thank you!
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