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1. thj Cancer?
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Two Major probi.em: evolution of druq resistance, and
failure to predict metastasis (90% of deaths?).



wvioore s Law

The Fifth Paradigm Logarithmic Plot
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16 orders of magnitude improvement in 100 years!
And it was on the shoulders of those great paradigm
shifts which we learn as physicists.

(PS: Microsoft has been a negative influence)
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There has been NO paradigm shift in cancer!




So I say that our basic regime of surgery
chemotherapy has on average only bought
time, not a cure, and at a kerrible
cost which is getting worse and worse.,

So where is the paradigm shift? Where are
the ciisrupﬁve ideas to breale this disaster?

What exactly do we nobt understand?
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11. What is Game Theory (in 10
minutes)?

Excellent review article:

“Grame Eheorv LA evolu%&ov\&rv
bi;oi.o-gj"* Z»&&karv Ernsk

i The Cambridge COMPQHEQM to
the Philosophy of Biology



PRINCETON PHYSICAL SCIENCES-ONCOLOGY CENTER (PPS-OC)
WORKSHOP ON

You are cordially invited to participate in 2 workshop on Game Theory and Cancer to be held in
Baltmore, MD. The workshop will begin on Monday, August 12 and will conclude on Tuesday,
August 13. The specific goal of this workshop is to bring together 3 diverse group of researchers
studying various aspects of the physics of cancer.

SPEAKERS:

Erol Akcay, Princeton University

Robert Austin, Princeton University, Organizer
Charles Cowden, University of Georgia
Ruchira Datta, University of Californiz-San
Francisco

Guillaume Lambert, University of Chicago
Jorge Pacheco, Kavii Institute for Thearetical
Physics, University of California-Santa Barbara
Ken Pienta, Johns Hopkins University

Thea Tisty, University of California-San Francisco
Amy Wu, Princeton University

| \@ : 6

% PRINCETON UNIVERSITY

To register and for more information,
please visit http://www.princeton_edu/psoc/training/




John von Neumann John Nash

IA. Before there was
Evolutionary Game Ekearv,
there was "Classical” Game
‘T‘k@.@fj



There are many classical games, the standard one is the
Prisoners Dilemma,

Just-so Story: Science mag accuses 2 collaborators of
falsifying an oncology paper, but doesnt know enough

to convict. They offer a deal for future submissions:

) You defect, your colleague is silent: you get © year
wait (Temptation, T), he gebs -10 years ( )

1) Both remain silent (Cooperate): both no submissions
for -2 years ( )

3) Both defect: both qet -3 years (Punishment, )

What is your s&ra%eagj%’



Player 1
C ooperation D efection

win,win win++,
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lose--, win | lose,lose

Temptation (win++) > Reward (win) »
Punishment (lose) >Sucker (lose--)

(0 > -2 » -3 > -10)

(this order defines a particular game)



The KATIONAL %Mv\g L5 cooperakion:
bobth remain silent, -2 year Etoa‘m

However, your reasoning will be:

f I defect and she doesnt, I get ©
Yyears, f we both defect we qet -3
years, if I cooperate and he defects
I get ~lo:

I will defect, because cooperation
screws me. Nash Equilibrium: both
defect. Cold War games. Nietzsche.



"Classical” game theory implies
rational agents with strateqgies that
can change based own their
F?@.N:ej&mn of what the competitor
will Ao,

Evolu&o%&ry gqame Eké@fj s based
at iks simplest level on rates of
growth (fitness) and how other
meuta&oms can chawnge that rate.

One need not have sentient beings.


message:%3CCAFbOkZFWftdHBQxaQBs1-uirvuzc4n-12PODXsDzMcfOYVu9WA@mail.gmail.com%3E




Allen and Nowalk (Science 23
Auqust 2013)

“Evolutionary Game Theory
applies whenever fibness depends
on the phenotype or actions of
others: Ehe fibness Landsaape
changes as the population
explores it

That's Pr@ﬁv general!



Evaiuﬁmmarv gqame &keorv s a bit
diftferent, and actually quite a bik
more qu&m&&ve, thawn classical &7,

Good place to look: Web site of
David Liao (ﬂformer skudent):

http:// bm.i.oowaéphjsi&s.aom/
tour.egt.php#videospatiality

Tour: Evolutionary game
theory for the biologist

(Mot actually for bioloqgists)



Here is a slide from David’s website
Ehak @.xptams his evoi.u&cwmo\r:j gqame.
H«em‘v deals with cell densikies.

Collisional population events

R, R- R.
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This qebs turned into a set
of Ordw\&rv Differential Equations:

Collisional population events




And we finally have a set of coupled
non-Linear equations to solve,

Collisional population events
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It is pmssibt& to cownstruct a Fhase
wap of this game (David Liao+ Amv
Wu,i wsing Evoluﬁo%ary Grame
Theory, but averaged over space

right now.
dC

This is written in the terminology
again of the Prisoner’s Dilemma,
but that’s really of no meaning.



You have to do experiments with individual
cells “campew«g” with each themselves qet the
on-~diagonal terms, then compete them against
one another to qet the off-diagonal terms, This

s called “training” the model.,

Container [

1] S— 5 é
S
@ 1000 Cersareraenelannncaansnnanatrarane RISt s 5
5}

(o :
o, :
8 SO0 ————
00 055 1 1i5 2 0 '

' ' 0 0.5 | 1.5 2

Time 1 (d |
ime ¢ (days) Time ¢ (days)



Numbecrs of cells

2000

1500

100

500

Container I11

0 3 6 9 12 15 18 21
Time ¢ (days)



2000%%

p—t
N
<

Pk
-
-
-

Denim population D (cells)

| BApU

2000 2500

G'OOV!! 0 0 ..................... AP

500 1000 1500
Copper population C (cells)

There are mathematical tricks to numerically solving these equations.



Svaikh:

“(1) Evolutionary version of Game Theory not really a
requirement that players be rational - it is only required that
they have a strateqy. The results of the game will test how
good that strategy is.

(2) That is what Evolution does - ik kesks alkernative
skrotegies for the ability to survive and reproduce.

(3) Skrategies are alqorithmic - just Like computer
programs, (Yes, mathematics and physics).

(4) The ey POLM& i the Evotuﬁimmarv Crame Tkaorj model is
that the success of a strategy is not just determined by how
good the strategy is in itself, it is a question of how good
the strateqy is in the presence of other alternative strategies.”


http://en.wikipedia.org/wiki/Evolution

End of Evolutionary

Grame ‘Theorv Inkroduction and
whj cancer cells must have a
strategy in dealing with
competition (or help).

This does NOT mean they are
senbient! Remember that EGT s
not Lilke Classical rame Theory
where the players are “(ir)-
raktiownal”.



11I. Grames cancer cells F’L"*fj

(Amy Wu, Qiucen Zhang, Jim
Sturm, David Liao, and Motfitt
Cancer Center)



Who are the players in our game?

wpme - Myeloma (8226/RFP)

— Bone marrow cancer, incurable
— Malignant B lymphocytes

Stroma (HS-5/GFP)

— Bone marrow stromal cells, fibroblasts




Tumor-stroma communication is the basis of
environmental-mediated drug resistance

/
Activation of Cell cycle arrest Modulation of expression
survival pathways and dormancy of apoptosis regulators
NF-xBT p277T BIM{

Cancer cell
Proteasome Soluble factor
1 expression
CXCR4 — (5 TPases f
4 Increased adhesion \ /__\
» o
Amplified receptor L IL-6 receptor
Integrin signalling A~
sceptc .
Secretion of / Eepr - (’ s
. 50 oluble factor
O extracellular matrix \ ) L6 amplification FGF or
components - loop VEGF
‘ tagonist VCAM FGFR or VEGFR /
* or ICAMI
Soluble factor u«

Tumour-associated
stroma

expression € nase

Meads et al, Nat Rev Cancer 2009



The Death Galaxy for E col,

Acceleration of Emergence of
Bacterial Antibiotic Resistance In
Connected Microenvironments

Qiucen Zhang,1 Guillaume Lambert,* David Liao,* Hyunsung Kim,? Kristelle Robin,*
Chih-kuan Tung,5 Nader Pourmand,® Robert H. Austin®**

1

LB+CIPRO

Q Zhang et al, Science 2012



Evolution for the 21st Century

LB+CIPRO
)
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Greomic Fikhess Lamdscape
(fixed ecology)
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CELL DENSITY

Ecological Fithess Landscape
(fixed genome)
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100 E.coliinoculation: de=novo evolution.

00:00




The Death Galaxy for Cancer Cells

Culture chamber

(no flow)

glass
Si chi
iquid i"')l_)m

Microposts allow diffusion of biomolecules

Reconstruct tumor microenvironment
Stable drug gradient
Connected microhabitats
Extracellular matrix (matrigel)

P

13



Thursday,01 April, 10

You cant recapitulate the evolution of
cancer i a homogeneous environment.

) ) 4 ) ! £ ’ ’ ~ | ‘ [ 4 ‘ :
Princeton Phnysical Sciences - Oncology Center :f:
NIM Site Vicit -=9/7/2012




The Bolttom Line:

Ny //

14 you want to understand how
druq resistance evolves!



What is the stress we applied?

e Doxorubicin

— Chemotherapeutic drug
— Genotoxic, blocks DNA replication
[— 20 nM Kills 100% myeloma cells within 144 hoursJ

Doxorubicin
intercalation
into DNA
stabilizes the
cleavable complex

Protein Data Bank

Hurley, Nat Rev Cancer 2002



J0:00 Red: myeloma (8226/RFP)

-

: .. Green: stroma (HS-5/GFP)

' . -

- . . @ e » .

{ F o ‘}.{
-

. o .

;( “ )__(

70um




10W resistan e cells have becomef HOW T1ast!

Take cells out of chip (Chip cells) after 288 hours and compare the dose response
with that of the parental cells (WT cells)

100 —@g=—=———B=— 0K

@) \‘
80/ ®
> \
>
8 *9/|- - -Fit (chip)
> O Chip cells o
20/ —Fit (parental) °® -9
® WT cells ?
OO | III””I‘I | III””IZ | III””I3 | 4
10 10 10 10 10

[DOX] (NM)

ICyy(Chip) _1390 277>
= =10. I
IC,(WT) 85 . .

- -

* Degree of cross-resistance (48-hour exposure) =

« Using the traditional protocol, it takes several months in tissue culture flasks to
develop resistant cell lines (Dalton et al, Cancer Research 1986)

We are the PSOC thak builk a cancer ktime machine.



VI. Real Game T heory:
David Liao former studenkt)



2012: DOX gradient (0-200nM/2mm)

Myeloma

White line: 200um

. Lots of myeloma can
bare >100nM drug for

< >1 week

Amy wu



DOX gradient (0-200nM/2mm)

Myeloma population vs. landscape: Stroma population vs. landscapes
200nM : 200nM

300

140

120
250

4100

<200

100nM

4150

100

OnM

96 120 144

i 96 120 4
Time(hour) Time(hour)

1) Myeloma first grew 2) Stroma crowds out the myeloma

->stroma “pain-killer” transient effect
Stroma adhesion inhibits apoptosis signals in myeloma

Ref: Hazlehurst et al, Oncogene 2003 3) Myeloma is more resistant than the

case without stroma

Princeton Physical Sciences - Oncology

Amy wu Center NIH Site Visit —9/7/2012 2



2013: quantitative analysis

DOX gradient (0-200nM/2mm)
Stroma-rich

* How to model the
complex dynamics?

{[—mM1
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* First, we start with > o (=5
temporal dynamics (total & :

population of each cell i — :
types in the gradient chip woMM-rich
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dMM

T = (Apyy + Bps MM MM ST
where Pum = » Pst =
dST YO MM+STTYT MM +ST
o = (Cpyy + Dpgp)ST
If ST>>MM, py,~0 Stroma-rich Stroma-rich (log scale)
MM |
P _ ot —— M LA vy ap $ siopepun [
dt pMM  dt Dy At = ST |
Bl opyys7 =BT op= L 2 nsT)~ D Slope=py;B ||~ i
dt psr ST dt psr At - >T Stromad
If MM>>ST, pSTNO MM-rich 105 50 100 150 200
TIME (HR)
dMM ~ (Ap,. YMM = Il amm _, . 1 A(lnMM)zA MM-rich (log scale)
dt Doy MM dt Py At :
Slobe , ‘
asT _ (Cp,u ST = L_d5T _ ¢ :Lﬁ(lnST)z C B oMM
dt Py ST dt P At Bavive

Stromal
Stroma2
Stroma3

| Slope=p,,,C

 A=0.0032; B=-0.0089;C=0.01; D=0.0022 (unit: hour) :
* Then draw the quivers and phase portrait.

50 100 150 200
TIME (HR)



DOX gradient (0-200nM/2mm)
Stroma-rich Phase portrait

1400 .
Stroma-rich
<L 1200 1[——Mmi -
s —o—MM?2
<l' 1000" —— MM3
*
Nt [ —— MM4
E 800 —=—MMS5
2} Stromal
5 600 Stroma?2
S 40 Stroma3
d Stroma4
O 200 Stroma5s
0 100 S
TIME ( &
o
N
MM-rich 7
1400 . . .
N§ 120W |
¥ 100 //\ \ {[—vmi
= '\\ 1| —=MM2
e 800F | vy
(92) Stromal
5 600 Stroma?2
3 400} Stroma3 . - - - - - -
= - - - - - - -
o 0
© 200 0 200 400 600 800 1000 1200
N R N I MM
TIME (HR)

The vector field of arrows is the
F?r@.cii,&%mvx of the gqame theory

odel, the solid Lines are the data.



Stroma-rich

Stroma
o
S
S

Note Ehak préfffe,c&mm here is Hhak
the stroma cells (“bystanders”)

i and bhe cancer cells Lose.



VIIiI. Fulure Grames.



1. Our message has been negative up
to this point:

(0) Evolution (mutations) followed b*j
natural selection in landscapes
with steep fitness gradients and
small subwpopuio&mms inevitabl
leads to drug resistance: What 30@.5
not kill wme makes wme strownger.

(b) There is no WY out f Darwin is
right! ‘S&w[p tallkking about a “cure” and
be wore realistic.



2. Ibs naive to examine cancer cells
alone without ncluding their
interactions with obther cells on the
fibness landscape that drives evolution.

3. The interplay of cells on a fitness
landscape can be re-cast into an
evolutionary game-theoretic model (Mall
models are wrong but some are useful”
Greorge Box) which allows prediction of
the future of the games.



4. Can we learn the control points of
the game and move the system over the
fibness Lo\mdsrﬁ:o\pe to a (strange
abbtractor?) where the cancer+stromal
cells are either sEaE&amarv or shrinking?

Is that even F‘ossib{e? Up to now, we
only see the cancer winning.



PSQ(:
1) 8 3@.&\"5 ago the NCI took a chance on pu&&imsx

phvsiaisﬁs ko Ov\atoi.ugv ab a non-widqget buitdms
level., C.raz.:j!

2) I think a vigorous and robust cancer cell
evolution effort in complex ecologies has emerged.

3) New pkjsias (I think so) , c:@.réo\mtv new thswat/
bwi.o»giaai. tools.

4) I hope we will see potentially transformative ways
to view cancer emergence, from “blue-sky” research.



Mictidche

2248 mich nicht umbringt, macht mich stdrfe

THANRS!!!




