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1. Background

: Collateral sensitivity
Drug resistance
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[Dhawan et al., Scientific Reports, 2017]
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2. Model for 2 drugs

Fundamental modeling structure of a heterogeneous cell population

e Dynamic variables:
* Cg: sensitive cell population
e Cp: resistant cell population
e Cg¢ + Cp: total tumor size, disease burden

e Parameters:

e §<0,7r > 0:net proliferation rates for Cs andCp
(birth minus death, s = by —dg, r = b, — d,)

* g > 0:rate or resistance acquisition due to
therapy

Deterministic ODE system depends on {s, T, g| Cg, C ?z}

(&)= D@ ©).-&) e |

N
o

c
2 0.8f !
2 06} | ]
Solution 083_ : i — Resistant
0.4t I Sensitive |
CS(t) ~ Cge_(g_S)t E : Total
Cr(t) = Ae (0=t L Bert 2 0.2} |
0.0, . \:/ . . . .
Co(t) + Cr(t) = A' e~ 9=t 4 BeT't 0 10 20 30 40 50
Time (days)

positive (Ex) s=-0.05/day, r=0.01/day, g=0.02/day
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2. Model for 2 drugs

Modeling of collateral sensitive network

* Dynamic variables:

With Drug A _ N
g * R,:resistant to Drug A sensitive to Drug B
A : .
T4 . . Sa * Rp:resistant to Drug B sensitive to Drug A
* R4 + Rp: total tumor size, disease burden
With Drug B * Parameters:

 {s4=b;—d;,rg=0>b) —dj, ga}forDrug A

n. g  {sg =bj —d3,rg = b} —dg,gg} for Drug B

* Initial population makeup: ApBy, = R%/Rp

%)
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5 * Drug Switches
- 4_ DrugA DrugB DrugA Drug B ¢ (eg) (A_drugl 1 WGEk) - (B—drug, 1.5 Week) — ..
29
2. | |
¢ 5
D'. R .l\ R J[ ..... K‘_ ......... ]
0 100 200 300 400 500
Time (days)
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2. Model for 2 drugs

Analysis: strateqic drug-switch timing

1. T, : clinical intuition T
The longest time period with Drug A lasting effective. 1.0 s
S 0.8}
Tmax({SA: ra, gA}, ApBo) E
§_ 0.6¢
I (ga —54)(ra — 54) o
9 2 04¢
_ ra(ga (1 + ApBy) + ApBo (14 — 54)) = :
ga T4 = Sa ' © 0.2} ~_ —
which exists if and only if (iff) ApBy < |s4/74l, ool o~ . .0, T
where ApBy = R4(0)/R5(0). 0 20 40 60 80
Time (days)

(Blue) Drug A alone
(Red) Drug B alone

(Used parameters)
sq =sg =-0.09, 1, =15 =0.008,
ga = gg = 0.001, {RY,R3} = {0.1,0.9}
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2. Model for 2 drugs

Analysis: strateqic drug-switch timing

1. T, : clinical intuition T . T

The longest time period with Drug A lasting effective.

c

Tmax({SA: rA; gA}, ApBo) %

g

lo (ga —sa)(ra —s4) a

’ 0

_ ra(ga (1 + ApBo) + ApBo(ra — s,)) E
gat7Ta—3Sa ' & S~ ]

which exists if and only if (iff) ApBy < [s4/74l, 0.0L o
where ApB, = R4(0)/R5(0). 0 20 40 60 30
Time (days)

2. T, suggests improvement
(Blue) Drug A alone

(Red) Drug B alone

Population decreases even faster by switch from Drug A to
(Dashed ) arbitrary switch

Drug B at or after:

Tin({S4, 74,94}, {Sp, 75}, APBy)

(Used parameters)

lo (4 —54) (g — Sa) + 9a(ry + 75 — Sa — Sp) s, = sp = —0.09, 7, = 5 = 0.008,
(94 + ApBo(ga + 14— 54)) (14 — SB)

- ga+ T4 — Sy ’ ga = gs = 0.001, {Rg: ng} = {0.1,0.9}

which exists iff ApBy < |(15 — 54)/(r4 — sp)|

Condition: Tyin < Thnax 1ff 7475 < S4Sp
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2. Model for 2 drugs

Analysis: strateqic drug-switch timing

1. T, : clinical intuition T.in T o

—_
o

The longest time period with Drug A lasting effective.

o
(e

C

Tmax({SA:rA:gA}'ApBO) % :

3 0.6]

I (ga —54) (14 — 54) o [

°9 2 0.4}

_ ra(g4 (1 + ApBy) + ApBy (14 — 5,)) =
gat7a—Sa ' @ 0.2} X —
which exists if and only if (iff) ApBy < |s4/74l, oLl T
y if (iff) ApBy < |s4/74] 00o 20 20 ~ 20

where ApBy = R4(0)/R5(0). Time (days)

2. T, suggests improvement
(Blue) Drug A alone

(Red) Drug B alone
(Dashed ) arbitrary switch
(Black) instantaneous switch

Population decreases even faster by switch from Drug A to
Drug B at or after:

Tin({S4, 74,94}, {Sp, 75}, APBy)
(Used parameters)
lo (rA(_ SA)(ZBB_ EA) + gA(rA +)3'B£ — 54 _)SB) Sp = Sgp = —0.09, Ty =71 = 0008,
+ +1ry—S Ty— S
= L PR S/ EVAY R V) ga = gg = 0.001, {R%, R} = {0.1,0.9}
ga T 74— S

which exists iff ApBy < |(15 — 54)/(r4 — sp)|

Condition: Tyin < Thnax 1ff 7475 < S4Sp
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2. Model for 2 drugs

Analysis: population makeup at T in and T nax

* Population makeup:
ApB(¢t) = Ry (t)/Rp(t)

- ApB(T4,) = ApB(TE,,) = 2= := ApB",

rqA—Sp

* ApB(Tiax) =%  ApB(Tia) ==

* Drug effect at ApB:

{siri.9i}ApB
%P(t) 0' P(t) = R4(t) + Rp(2), P(0) = 1 (fixed)
t=0

when Ir'gTrp < SASB

< - i - >
Drug A is better ! Drug B is better

-

P decreases with Drug B

la
'Y

P decreases With Drug A

o
=
oy

4:] g — Su Sy

1B ppBr =
—Sp Ty — Sp T4




2. Model for 2 drugs

. : 0.30———————————————— :
Optimal control consists of two stages of therapy L, 255_ (Bloe) T switch optimall |
o T (Red) T, switch
. . . “« ” < i (Solid) Total: R4 + R
(Stage 1, shaping) until T, “better” drug alone S 020} (Do;ted) R, © "
8 0.15 (Dashed) Ry
. . . Qo [ G S 1
(Stage 2; adaptive therapy) combination of the 2 0.10} Ewrﬁ?ij ;eraeg,t;iege 5
two drugs switched in turn with a definite ratio | @ s}
in duration, k, i.e., Drug A for t daysand Drug B | oo

100

for k times t days.
k(,) ({SAJ TA; gA}) {SB) TB) gB}) At)

o
Q
NS
1 1 1 (o))
| At :At/k': S
! ! : Drug B =3
1 1 1 Q
kAt At s
Drug A} ! £
. — > ApB S
T -
ApB* 32
o
a
Ap Bftrug B Az; Bftrug A Total population (P)
. T /
lim k=Ilim k (Used parameters)

At—0 At—0
_ ((ra=sa)(rg—sa)+ga(ra+rp—sa—sp))(ra—sg) _ k* {s4, 55} = —0.09{2,1}, {ry,rz} = 0.008{1,2},

~ ((ra-sp)(rp—sp)+gp(ra+rp—sa—sp))(rg—sa) " {ga, 95} = 0.001{0.75,1.25}, {RY, R3} = {0.1,0.9}
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2. Model for 2 drugs

Simple analytic description of Stage 2 of the optimal control

* Differential system on Stage 2:

R A _ (rB
Ry 0

R —
Drug B for At -long period ( .A> = (SA 9a
RB 9da

7o) () =
Sg —9p) \Rg)
0

) (&)

Drug A for (k* At)-long period (
asAt - 0

Drug A for (k* At)-long period

R,
Rp

e

1
DA+1+k*DB](

Rp

)

* Stage 2 startsat T, :

|ApB (Tmin) = ApB*

° Populations on stage 2
P(t + Tmin) = P(Tmin) Exp(/l t)

for P € {RA, RB, RA + RB}

TATB — SASB
T'A + TB + SA + SB

A=-—

where

Details of the proofis shown in

[Yoon et al., bulletin of

mathematical biology, 2018]
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3. Model for n drugs

Collateral Sensitivity cycle of length N:

Drug1— Drug2 — -+ - Drug N = Drug 1 — ---

N dynamic variables:
* R;:resistant to Drug i
* R;_1 (or Ry): sensitive to Drug i (or Drug 1)
* Rj:neutralto Drugi(j & {i — 1,i})

N x 5 parameters:
* Proliferation rates: {p‘r > 0,pL < QPB} for

Drug i
* Transition rates: {gg,gb} for Drug i
io——7 T 71—
:\Drugl Drug 2 | Drug 3 Drug4 |Drug1 Drug2/ /

o
o

(

s \/_ Ry

o ¢
N
——————r
N

Relative population
o
N
/%\
//
U T =T
» w N

L — Total
: / C—— N

[ JES—

) 2 4 6 8 10 12 14

|
|
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3. Model for n drugs

dv

Dynamics of cell populations under Drug i: — = M) v where v = (Rq, ..., Rpy)T

(i-1)-th column

)
/Ag 0 0 gi 0 v o .. 0\
0o - -~ S :
o & 0 | <« (h
0 i i-1)-th row
M@=\ _i .. . 0 4 0 gl o e gl < ith
Yo g(l) 0 /u‘ s s ] row
i e /
\ 0 0 gt 0 0 1%
With
+ (4,25, 25) = ok, vk — gk ph — 9b)

- i
o i — Ys
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3. Model for n drugs

Availability of analytic derivations

2- drugs n-drugs

Drug switch time (T, Yes No

Population makeup with same | Yes Yes

drug effect (ApB™ or v™)

Relative drug period (k™) Yes No

Metaphor problem a*=0>b a* + b* = c (analytically
(analytically proved to have a solution;
solvable) numerically solvable)

Total cell population with optimal therapy L =M (argmin e fi) %
dt 1<i<N

where ef;(t) = Pt - v(t)

Discretely solvable by finding the best drug at every discrete time point and solve v' = M (j) v
until the next point.
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3. Model for n drugs

1Mo 7
t<20 c 08¢ Optimal ]
EE 06:— ----- Non—optimal_:
Calculate ef;(t) s, and g I
' : 2 04} o
fine bes.t drug(s): £ 04
Ipest = {il efi(t) < “ ool
efi(t), 1<k <N} '
v O T2 4 s 8w
Randomly choose one Time
best drug from I
g¢' best T Example of optimal therapy simulation
compared to a non-optimal therapy
Run the chosen drug

$ t «t+ At
no

yes

end < Diagram to run optimal therapy over

a discrete timeline
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3. Model for n drugs

Example with 4 of symmetric drugs

{pr.ps,p0} = {0.2,-0.7,0.1}, {gs, go} = {0.1,0.05},
{R?,RY,R2,R2} = {0.45,0.3,0.05,0.2}

Example 4 of asymmetric drugs

{ptp3,ps} = {0.5,-0.7,0.0 }, {g3, gp} = {0.01,0.005},
{p?p? ps} = {0.1,-0.7,0.0}, {g?, g5} = {0.01,0.01},
{p?pd ps} = {0.2,-0.3,0.0}, {g3, g5} = {0.05,0.05},
{pipd ps} ={0.1,-0.2,0.0}, {g% g5} = {0.001,0.0005},
{R?,RY,RY,RY} = {0.05,0.15,0.2,0.6}
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3. Model for n drugs

An example with symmetric drugs
{pr.ps, D0} = {0.2,-0.7,0.13}, {gs, go} = {0.1,0.05}, {R?, RY, R, RY} = {0.45,0.3,0.05,0.2}

10 l\ T T T T T T m—r r+r ‘+ v T+ ‘1t Tt T T T T 1 0.00_I T T T T T T — T r r r 1 r T T T T T T T ]
: — R]_ \: ]
[ . ~0.05F
0.8 \ — R2 T [ e
§ | S~ Ry | -040F “—
[ i 1 = r T
g_ 06 _' R4 N ;'_ ;:é _015:_ \’),’//‘
3 [ — Total ] g-, — Drug 1
> 04\ ] S _020f __
g} = L |/ — Drug2 |
2 -’\ I - ~0.25F ]
O 2 I e [ i [ Drug 3 1
ool v b v o ' 1 2 U :
0 2 4 6 8 10 0 2 4 6 8 10
Time Time
shaping  adaptive therapy Lof W Drug 1]
[ M Drug 2 |
0.8r Drug 31
F Drug 4 {
v* =01, .., DT _ 94
o 06 8
2 ™l _
a I ]
LL [ ]
Pr+bs+(N-2)pg 041 ]
Decay rate: [ ]
N i ]
0.2_- 7
0.0l : : II——

Stage 1 Stage 2 Stage 3 Stage 4
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3. Model for n drugs

An example with asymmetric drugs

{pips,po} = {0.5,-0.7,0.0 }, {g5, g5} = {0.01,0.005}, {pps, pg} = {0.1,-0.7,0.0},
{92, 96} = {0.01,0.01}, {p3p3,p5} = {0.2,-0.3,0.0}, {g$, g3} = {0.05,0.05},
{pipd pé} ={0.1,-0.2,0.0}, {gd, g5} = {0.001,0.0005}, {R?, R, R, Ry} =
{0.05,0.15,0.2,0.6}

10 T T T T T T —r_— . v 1] T T 1T T T 7 —T e d T
i — R ] 0.00f
sl — Ry ] _0.05}
- L — 1 L
ke : Rs 1 :
I 3 E s L
S 06, \ Ry 1 é :
L 7 ()]
2 04F N\ ' E— a
® - — | ~0.20
o] — s
o i - [
e e— . ~0.25F
[ ~0.30%
0.0 1 L L L | I T R T | RN THN TN T N S T T T R T T T |
0 2 4 6 8 10
P Time _

shaping adaptive therapy

@HT\ /1
vt =21 : <>
@Y7) \1

Decay rate:??
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3. Model for n drugs

An example with asymmetric drugs

{pipi ps} ={0.5,-0.7,0.0 }, {gi, g5} = {0.01,0.005}, {p?pZ, p5} = {0.1,—0.7,0.0},
{92,953} = {0.01,0.013}, {p3p2,p3} = {0.2,—0.3,0.0}, {g2, g3} = {0.05,0.05},
{pipd pé} ={0.1,-0.2,0.0}, {gd, g5} = {0.001,0.0005}, {R?, R, R, Ry} =
{0.05,0.15,0.2,0.6}

i5m—m——mm—m—m—— 7
M Drug 1] . l
M Drug 2 |
Drug 34 I
Drug 4 - 1.0 4
S 1 > I — Stage 1 :
i S _
S = I — Stage 2 |
L w
] 0.5+ 4
] - Stage 3 |
] [ Stage 4 |
.I ] 0.0 g
Stage 1 Stage 2 Stage 3 Stage 4 0 2 4 6 8 10

Within each stage, since the entropy graph is flat on each stage, drugs are periodically
switching with relative period from the bar chart.
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3. Model for n drugs

Instantaneous drug switch is supposed Drug 1 for (f; At)-long period,

to be consistent with the linear Drug 2 for (f; At)-long period N
comblnatlo'n of the d'y'namlcs with Drug N for (f At)-long period v = (z fiM(l))”
corresponding intensities (as Drug 1 for (f; At)-long period \i=1 /
numerically tested).

] . m o]
Symmetric drugs Asymmetric drugs ]
10 T T T T T T T T T T U T T T T T T T 10 T T T T T T T T
08l — R, ] o8 — R,
c i 1 < _—
< i 18
S 0.6f R4‘-_§_0-6_ Ra 1
8. - Total o i — Total
o | G>,) i \.
2 4 = 04 h E— ,;x-
kS 3 [ '
& 1
] 02 ag e e -
Flni-.v-m-a---!‘----—h-,m--:-wm-n---nt;n. - 7 __ B
\ \ \ O.o .I 1 1 1 1 1
5 3 10 0 2 4 6 8 10

Time Time



4. Optimal regimen without parameters
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1. Subpopulations are know (e.g., cell free DNA):

Three equations from the explicit solutions

of the ODE system, for R;, Ri_1, X jefi—1. Rj

Hypotheses with mutation per proliferation

g6 = appf and gt = asp!

Calibration of
5 parameters

2. Only total population is know (e.g., Prostate Specific Atigen):

Computational algorithm??
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4. Optimal regimen without parameters

Algorithm to prescribe optimal
regimen without parameters W
v

4 . N
Calculate Pop's and
Der's

Testing period v
Choose good drug(s)

(not just the best; €) no

~ v e

Fin of

intermediate drug
effect (ef ")

v
Run the best drug(s)

Optimal therapy <
period

Still more efficient
than other drug(s)?

(end )
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4. Optimal regimen without parameters

Algorithm to prescribe optimal
regimen without parameters

1.0 =
[ 1¢ 0.8} I 10.06
[ 18 [ : ] .
0.8 © I i 10.05 2
€ 15 . I 10.04 S
> 0.6 = L i ] kS
S I Q [ I 1 ©
8 [ o 04¢t I 10.03 3
g [ ko) [ ' 1 S
g Y 13 | 10.02 2
Y 15 0.2} ] 5
% 15 ] S
0.2 = I 10.01 +—
[ 1 E | :
[ 19 ool ‘ ‘ ‘ 40.00
00 L L 1 1 1 1
0 2 4 6 8 10 0.001 0.010 0.100 1

Parameter of best drug window (€)

Good consistency with € = 0.01 Errors of the algorithm over a range of €
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Conclusions

e Population structure  Numerically figured out
optimal control
9 e g
i (afgirg,n eﬁ-) v
* Optimal prescription without
drug parameters known

Calculate Pop's and

Der's
* Population makeup with ]
balanced drug effects {notjustt::e best; €) no

Find the level of
intermediate drug

effect (ef”)
< : - . >
A-drug is better ! B-drug is better iR
—I< Run the best drug(s) [e
' yes

e 1 P decreases with B-drug

P decreasds with A-dru'g |
ApB

B ApB” 54

Still more efficient
than other drug(s)?

Sp TA
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» Considerations on the third type of cells (Areeba Khalid, Adelphi)

Switch between Drugs A and B

Drug 4 Drug B
Ta Sa Sp B F
25F Drug A Drug B Drug A Drug B
N N N N
Ry — Rp Ra —) Rp E:: A
~ 15} . A
g —.‘, N ]
A 95 e E g 1 Ra
hOA\ / h \ / o R
BO hao hos 0.5 f 1
Ro Ry s i y ]
20
v v rime [days
0y Op

* Find combinations of collaterally sensitive factors from RNA (miRNA), DNA, network
data

* Interdisciplinary implementation of the optimal therapy in the automatic cell
culturing device, Mobidostat.

* Expansion of the model considering spatial distribution of microenvironment.
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Thank you all!
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Thank you! Questions?



