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Metronomic Chemotherapy

concept that goes back to the work of J. Folkman and R. Kerbel

“The frequent adminstration of chemotherapy
at relatively low, non-toxic doses without
prolonged drug-free breaks”

(Hanahan et al., JCI 2000)

METRONOMICS

Metronomic Chemotherapy
+ Drug Repositioning
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Cancer Treatment Protocols

chemotherapeutic agents

cytotoxic drugs # - cytostatic drugs

immune

antiangiogenic
system -

immuno
therapy ‘ therapy

How to optimize the antitumor, antiangiogenic and pro-
immune effects of therapy by modulating dose and
administration schedule?

Eddy Pasquier, Nicholas André



Metronomic Chemotherapy

Metronomics

Immune Tumour Cancer
system vasculature cells

Tumour dormancy / Elimination

1. lower cytotoxic effects on tumor cells
* lower toxicity (in many cases, none)
* lower drug resistance and even resensitization effect

2. antiangiogenic effects

3. boost to the immune system




Medical Practice and

Research

* MTD - maximum tolerated dose strategies

* metronomic chemotherapy

— continuous, low-dose

¢ chemo-switch protocols (Hanahan)

* adaptive therapy (Gatenby) 1 M=




How to optimize the anti-tumour, anti-angiogenic and pro-immune

effects of chemotherapy by modulating dose and administration
schedule?

Different therapeutic approaches:

- MTD/Metronomic: Chemo-Switch strategies (D. Hanahan)

A Multitargeted, Metronomic, and Maximum-Tolerated
Dose “Chemo-Switch” Regimen is Antiangiogenic,
Producing Objective Responses and Survival Benefit

in a Mouse Model of Cancer
Kristian Pietras and Douglas Hanahan J Clin Oncol 2005

3 @ Activity of a multitargeted chemo-switch regimen (sorafenib,
gemcitabine, and metronomic capecitabine) in metastatic
renal-cell carcinoma: a phase 2 study (SOGUG-02-06)

Joagquim Bellmunt, José Manuel Trigo, Emiliano Calvo, Joan Carles, José L Pérez-Gracia, Jordi Rubid, Juan Antonio Virizuela, Rafad Lipez,
Martin Ldzaro, Joon Albanell

Lancet Oncol 2010



How to optimize the anti-tumor, anti-angiogenic and pro-immune
effects of chemotherapy by modulating dose and administration

schedule?

-Weekly VLB
-Daily CPA

-2x weekly MTX
-Daily CLX

Different therapeutic approaches:

- “Pure” metronomic / Metronomics (R. Kerbel, D. Hanahan)

www.impactjournals.com/oncotarget/ Oncotarget, December, Vol.2, No 12

Pilot study of a pediatric metronomic 4-drug regimen

Nicolas André'?, Sylvie Abed!, Daniel Orbach? Corinne Armari Alla% Laetitia
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Memmrgxﬂte, and Daily PFEﬂHjSDnE As Therapy fqr J Clin Oncol 2010
Metastatic Breast Cancer Using Vascular Endothelial

Growth Factor and Soluble Vascular Endothelial Growth

Factor Receptor Levels As Markers of Response

an Saom l'r'n:lnlg. Robert A. Excbmar, Mark Clemmns, Shatlmdra Verma, Susan Deme, Maureen E Traodieau,
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Metronomic Chemotherapy:

Modeling Challenges




Towards Modeling Metronomic Chemotherapy

How is it administered?

* treatment at lower doses

( between 10% and 50% of MTD)

*constant ? varying intime ? short rest periods ?

What should be modeled ?

Minimally parameterized model

==mup * cancer cells (heterogeneous, varying sensitivities)
=P °* Vasculature (angiogenic signaling)
=mmmp- * tumMoOr immune interactions

== * Single-input control:

metronomic dosing of chemotherapy



A Combined Model for Low Dose Chemotherapy

_ Ledzewicz, Schattler, Amini,
p(t) — primary tumor volume MBE, JMB to appear

q(t) — carrying capacity of the tumor vasculature
r(t) — immunocompetent cell density

u(t) — concentration of a chemotherapeutic agent

p = —¢&pln (%) — Opr — p1pu,
g = bp—(pn+dp?)q— paqu,
* = ap(l —PBp)r —or+ v+ psru,

effectiveness of drug, ¥i i=1,2,3




Parameter values

mostly based on the papers by [Kuznetsov et al., 1994] and
[Hahnfeldt et al., 1999] effectiveness (PD)

a = 0.0529,

3 = 0.00291,

v = 0,0.01, 0.05 ... will vary 7/

5 = 0.3743,

0 = 1,

u o= 0, effectiveness (PD)
( = g—;azo.(m?, p1 = 0.005,
b~ 5 oy = 0.06,
g i w3 = 0.02,

15



Bi-stability of Uncontrolled Model

projections into (p,q)- and (p,r)-space

asymptotically stable
® —"“good’, benign
equilibrium

C q (carrying capacity)
k=]
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* —"bad’, malignant
equilibrium

=]

r (immunocompetent cell density)

GBI C!BI ar
p (tumor volume)

8o
8
8l
=
8
8



Bifurcations in Immune Influx

As the parameter -~y increases, the unstable and malignant equilibrium
disappear in a saddle-node bifurcation

p (tumor volume)

0673

8

o]

B8

for large enough -, the positive
effects of the immune system are
able to control the tumor

o]

14

]

%

immune surveillance

¢} @ (¢ a5 (¢:3) aB (¢:5) ay

—_ <R (tumor volume)

r (immunocompetent cell density)
8
8o



Equilibrium Properties under Low-dose Chemotherapy

for low dose, constant chemotherapy u the three equilibria persist, but all move
closer to the disease free state at the origin as u increases

@ T T T T T ¢:2]
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p (tumor volume)
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Equilibria for constant, low dose chemotherapy

1
p=0 & r=—- (fln(2)+g01u),
0 q

2
3

¢g=0 < b]—):/,LJrcpgqudp,

2
1+ pou + dp3 0
In + p1u = —
S ( ) o affp? —ap + 0 — p3u

CI) angiogenic signaling \IJ tumor immune system interactions
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Bifurcations with Tumor Growth Rate
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Bifurcation diagram in Tumor Growth Rate
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Current and Future Work: Optimal Control Problem

“move an initial condition that lies in the malignant region
through chemotherapy into the benign region”

minimize J(u) = Ap(T') + Bq(T) — Cr(T) + /OT Mu(t)dt + ST

over all Lebesgue measurable functions u: [0,T] — [O,u
to the dynamics

p = —¢&pln (S) — Opr — p1pu,

| subject

max

2
bp — (i + dp? )q — p2qu,
ap(l — Bp)r — 0z + v + paru,

q
,f,

q

where (A,B,-C) (A,B and C are positive) is the tangent
vector to the unstable manifold of the saddle point,
oriented to point from the benign into the malignant
region.

g R B 8 &8 8 8/ 8
. \ ‘
}
}
I
i




= (p,q,r) Dynamics in Vector Form

&= f(x) + ug(x)

drift control vector field
[ —epin(Z) —opr ) [~ )
flz) = bp — (1 + dp3)q 9(x) = | —¢2q
\ ap(1—Bp)r — 62+~ ) \ w3
Lie bracket:

L 9l(x) = Dg(z) f(z) — Df(z)g(x)



Candidates for Optimal Protocols

I switching function |®(t) = M + (X, g(2)) — 1

* bang-bang controls _singular

max

O(t) 90 d(t) < @ D) =0

treatment protocols of _ ) )
maximum dose therapy continuous infusions of

periods with rest periods varying lower doses

in between
MTD 80D




P Singular Controls

at every point 2 the multiplier A = \(x) along a singular control is
uniquely determined by the conditions

from MP: (A, f(z)) =-S5
d=0: (M\gla)) =-Mp =wmb A= \(T)

®=0: (Alfgl(z) =0

Legendre-Clebsch condition: (M), g, Lf, g)l(z)) <O

>
=

), Lf, [f: gll(2))
), [g, [f, g]l(2))

‘ can compute the singular control as a
feedback control for the full state-space

Singular control: (1) = —

>
=



Legendre-Clebsch Condition and Singular Controls

slices for constant value of r

Legendre-Clebsch condition

(M), g, [f, g]l(z)) <O

Legendre Clebsch Condition

sing

g ( vasculature )

p { Turmar Yolume )
500~

aon L
20 L
e R

singular control
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High Tumor Volumes

U singular

33333333

Ficure : For (p, q) € [350,500] x [350,500] and r = 0.5.

* singular control is negative -inadmissible

* full dose is optimal in this region



Chemo-Switch Protocols
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FIGURE : Time evolution of the control is full-dose at the first stage
starting from initial value (po. go, r0) = (600, 750, 0.1) and then turns
into singular contol.



Chemo-Switch Protocols

580

0 0.02 0.04 0.06 0.08 0.1 012 0.14 0.16
time

FIGURE : Time evolution of theltumor volumsd, starting from initial
value (pg. qg. rp) = (600, 750, 0.1).



Chemo-Switch Protocols

EDG 1 1 1 1 1 1 1
a 0.02 0.04 0.06 0.08 01 012 0.14 0.16

time

F1GURE : Time evolution of|carrying vasculature,|starting from initial
value (pg. gg, ro) = (600, 750, 0.1).




Chemo-Switch Protocols

0.01

0 0.02 0.04 0.06 0.08 0.1 012 0.14 0.16
time

FIGURE : Time evolution of|immune system [starting from initial value
(P{}._ do. r{}] — (600?5001:}




Instead of Conclusions

* although some mathematical insights are available that would indicate
the optimality of low dose chemotherapy in some cases, overall

there still are more questions than answers

* from the medical point of view ...
* from the mathematical modeling and optimization point of view

- will more complex models support the optimality of singular
controls (low dose chemotherapy) ?

- model different effects of MTD and metronomic chemotherapy
on tumor and immune system ?

- tumor promoting aspect of tumor immune interactions ?



Dziekuje
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