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Origins of
Regulatory B <&
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Role in cancer
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Determinants of
differentiation i
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Challenges tfor Modeling
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Network model
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= Receptors:

m T cell receptor (TCR)

m Co-stimulation through
CD28

m |[L-2 receptor (IL-2R)

m TGF S receptor
(TGFBR)

Model elements

Influence sets
(Interaction map)

= Transcription
factors:

= AP-T, NFAT, NF k B,
SMADZS, STATS

m Genes:
m [[-2, CD25, Foxp3

= Other important
elements:
= PTEN, PI3K, PIP3, PDKI1,
m Akt, mMTORCI1, mTORC2,

m TSC1-TSC2, Rheb, S6KT,
pPSé



Influence sefts

Element Influence set Element Influence set
PI3K TCR, CD28, IL-2, IL-2R AP-1 Fos, Jun
Akt PDKT, mTORC2 ERK Ras Model elements
MTORCI Rheb, PKC-6 JNK Ras
mMTORC?2 PI3K, S6K1 Fos ERK Influence sets
Foxp3 NFAT, AP-1, STAT5, Smad3 Jun INK (Interaction map)
IL-2 NFAT, AP-1, NF k¥ B, Foxp3 NFAT Ca
CD25 NFAT, AP-1, NF k¥ B, STATS, Ca TCR
Foxp3
STATS IL-2, IL-2R PDKI1 PIP3
NFx B PKC-6, Akt TSCI1-TSC2 Akt
Smad3 TGF 8, Akt, mTORCI1 Rheb TSCI1-TSC2
PIP3 PI3K, PTEN S6KT MTORC
Ras TCR, CD28, IL-2, IL-2R PS6 S6KT
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Circuit design: Variables

® Number of values for variables
m Example: three levels for modeling TCR necessary
= No antigen
® Low antigen dose
® High antigen dose v

Set of discrete

values for each
element
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Circuit design: Variables

® Number of values for variables
m Example: three levels for modeling TCR necessary
= No antigen (TCR_LOW =0, TCR_HIGH = 0)
® L ow antigen dose (TCR_LOW =1, TCR_HIGH = 0)
® High antigen dose (TCR_LOW =0, TCR_HIGH = 1) v
® encoded with two Boolean variables

Set of discrete

values for each
element
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Circuit design: Variables

m Number of values for variables

m Example: three levels for modeling TCR necessary
= No anfigen (TCR_LOW =0, TCR_HIGH = 0)

® L ow antigen dose (TCR_LOW =1, TCR_HIGH = 0)

= High antigen dose (TCR_LOW =0, TCR_HIGH = 1) \

m cncoded with two Boolean variables

m Example: three levels for modeling PI3K necessary

= Low and high level of PI3K have different impac it
values for each

on MTORC2 element
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Low Antigen Dose Trajectory
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Trajectory Summary
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High Antigen Dose Trajectory

[ ON - high level — activation
ON - low level —— inhibition
OFF ---»>translocation

Trajectory Summary
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Circult design: Influence tables

Example 1. Example 2:
2-level mMTORC 3-level PI3K, 2-level mMTORC?2
Rheb 0 : PIBK 1 9
PKC-0 S6K1
0 0 ] 0 0 1 1
1 0 1 1 0 0 ]

Example 3: 3-level Foxp3

STAT5,mTOR

NFAT Smad3 00 01 02 10 11 12 20 21 22
00 0 0 0 0 1 2 0 ] 2
01 0 0 0 0 0 1 0 lor0 1
02 0 0 0 0 0 0 0 0 0
10 0 1 2 1 2 | 2 e 2 | 2
11 0 0 1 0 1 1 Oorl 1 1
12 o O O0O 0 0 0 0 1lor0 1
20 1 2 2 2 2 2 2 2 2
21 0 1 1 1 1 1 ] ] 2
22 0 0 0 0 0 0 0 ] |

*®

:Rule 1, *: Rule 2



Example 1: 2-level mTORC

Rheb 1
PK%'G 5 5 mTORC1’ = Rheb and PKC- 6 v
1 0 @ ‘and’ rule means both are
necessary for activation
Rheb 0 1 *
ALeole mTORC1’ = Rheb
0 0
1 s O
Rheb Influence tables
PKC-O d 1 .
0 0 ] MTORC1’ = Rheb or PKC- 6
1 1 : ‘or' rule means either one Model rules

is sufficient for activation
Pl Meeting, April 2011



Example 1: 2-level mTORC
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Rheb is the activator, PKC-0
only strengthens the signal

®N®)

®N®)

el (@)

MTORC1’ = Rheb and PKC-0

‘and’ rule means both are
necessary for activation

MTORC1’ = Rheb

Influence tables

MTORC1’ = Rheb or PKC-6

‘or' rule means either one Model rules
is sufficient for activation




Example 1: 2-level mTORC

Rheb is the activator, PKC-0
only strengthens the signal

MTORC1’ = Rheb

Influence tables

Model rules

1 | |
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PKC-0 CASE I:
0 include this
rule in the

model

CASE Il:
increase the
number of

values to
PKC-0 0 1 represent
0 0 ] MTORCI

—
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Example 2:
3-level PI3K, 2-level MTORC?2

PI3K

$6K1 1 2
0 0 ] |
1 0 0 ]
! | \
$6K1=0 S6K1 =1
PIBK HIGH : PIBK HIGH : v
PI3K_LOW PI3K_LOW

0 0 | 0 0
1 X 1 0
@ Influence tables

MTORC2’ = PISK_HIGH or (PI3K_LOW and not S6K1)

—

Model rules
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Example 3: 3-level Foxp3

STAT5, mTOR

NFAT. Smad3 00 01 02 10 1N 12 20 21 22
00 0 0 0 0 ] 2 0 1 2
01 0 0 0 0 0 ] 0 1or0 1
02 0 0 0 0 0 0 0 0 0
10 0 1 2 1 2 2 1or2 2 2
1 0 0 1 0 ] 1 Oor1l 1 1
12 0 0 0 0 0 0 0 1lor0 1
20 ] 2 2 2 2 2 2 2 5 7
2] 0 1 1 1 1 1 1 1 2
22 0 0 0 0 0 0 0 1 ]
FOXP3_HIGH’ = (STAT5_LOW and APINFAT_HIGH and not MTORC1_HIGH and not W

MTORC1_LOW) or (STAT5_HIGH and AP1TNFAT_HIGH and not MTORC1_HIGH and
not MTORC1_LOW) or (STAT5_LOW and APINFAT_LOW and SMAD3_LOW and
not MTORCI1_HIGH and not MTORC1_LOW) or (APINFAT_HIGH and SMAD3_LOW
and not MTORCI1_HIGH and not MTORC1_LOW) or (APINFAT_HIGH and
SMAD3_HIGH and not MTORC1_HIGH and not MTORC1_LOW) or (STAT5_LOW
and SMAD3_HIGH and not SMAD3_LOW and not MTORC1_HIGH and not
MTORCI1_LOW) or (STAT5_HIGH and SMAD3_HIGH and not SMAD3_LOW and not Influence tables
MTORC1_HIGH and not MTORC1_LOW) or (APTNFAT_LOW and SMAD3_HIGH
and not MTORCI1_HIGH and not MTORC1_LOW) or (STAT5_HIGH and not
STATS_LOW and AP1TNFAT_HIGH and not APTNFAT_LOW and SMAD3_HIGH and
not SMAD3_LOW and MTORC1_LOW) or (STAT5_HIGH and APTNFAT_LOW and Modelrules
SMAD3_LOW and not MTORCI1_HIGH and not MTORC1_LOW)




Circuit Model of T Cell

Ditfferentiation . Computable
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Experiments

Foxp3
4 "
” -8~ High dose
@ ~#— Low dose
$ 8
fa)
o
+
«
[=%
x
o
w
B
a
High dose
8000 % Foxp3 [0
pS6 MFI
6000 30
4000 20
20004 10
o+ T T ' 0
0 2 4 6
Low dose
8 % Foxp3 r40
PS6 MFI
6 30
4 20
2 10
o+ T T T 0
0 2 4 6
Days

Pl Meeting, April 2011

Simulations
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pS6 MFI

Experiments Simulations
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Four scenarios

= High antigen dose

= Low antigen dose




Experiments Simulations
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Simulations
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Analysis of Circuit Delays

= Model simulations point to the importance of ‘II FMAC;)_
timing in Foxp3 activation and fate selection (3!
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Analysis of Circuit Delays

INVERTED
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Analysis of Circuit Delays

% 5F
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Analysis of Circuit Delays
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Further system studies

| Statistical model checker

New

Model Trace model
Simulations stafistics

NEWY

More experiments

fracese

® Low antigen those query:

Does IL-2 always goto 1¢
Property: F[20] (IL2 == 1)
Test: BEST 0.001 0.999

[%]

Result: estimated probability close to 1
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Further system studies

Siqﬁsiical model checker

New

Model Trace model
Simulations stafistics

New
More experiments

fracese

® Low antigen those query:

= Probability that IL-2 stays at 0 before
Foxp3 becomes 1¢
Property: (IL2 ==0) U[15] (FOXP3 == 1)
Test: BEST 0.0001 0.999

0 5 10 15

Update round
Result: estimated probability = 0.00147- rare event
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Further system studies

= More queries: ‘II FMAC;)
= High antigen dose: -

Probability of STATS being activated before mTORC?2

® Low antigen dose:
Number of steps IL2 stays active before Foxp3 activation

= Anfigen removal:
Probability of initial CD25 oscillations
Probability of PTEN activation
Probability of initial PTEN and Foxp3 oscillation
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Further system studies

= Next step: Multi-valued model cmacs|

m Studying simulation results complex and time consuming

® Many interesting properties to test, for example:
Effects of different stimulatfion vs. co-stimulation levels
Effects of PKC-0 on mTORCI1

Dumped oscillations in negative mTORC1/mTORC2 loop
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Conclusions

® L ogical modeling approach allows development of ‘II FMAC;)
comprehensive models of cell fate A

m Model of peripheral T cell differentiation recapitulates a
wide range of experimental observations

m Circuit analysis reveals key elements of the mechanism
for Foxp3 expression

® Timing of STATS vs. mTOR
m Critical role of PTEN
m Negative feedback between mTORC1 and mTORC?2

= Logical modeling + Statistical model checking
m Gain further insights about the systems
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omputational odeling and - nalysis for = omplex  ystems

Thank you!
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