Cell proliferation, circadian clocks and molecular
pharmacokinetics-pharmacodynamics to optimise
cancer treatments

Jean Clairambault

INRIA Bang project-team, Rocquencourt & INSERM U776, Villejuif, France
hitp:[/www-roc.inria.fr/bang/JC/Jean_Clairambault_en.html

European biomathematics Summer school, Dundee, August 2010




Outline of the lectures

0. Introduction and general modelling framework

1. Modelling the cell cycle in proliferating cell populations

2. Circadian rhythm and cell / tissue proliferation

3. Molecular pharmacokinetics-pharmacodynamics (PK-PD)

4. Optimising anticancer drug delivery: present and future

5. More future prospects and challenges




Circadian rhythm and cell / tissue proliferation




The circadian system (of mice and men)




. Circadian rhythm

The circadian system...

Central coordination

CNS, hormones,
peptides, mediators Pineal

PVN

Entrainment by light ( )’ . Melatonin

7N\

Rest-activity cycle: open window on SCN central clock SSPeripheralloscillators
Lévi, Lancet Oncol 2001 ; Mormont & Lévi, Cancer 2003




2. Circadian rhythm
...1S an orchestra of clocks with one neuronal conductor in

the SCN and molecular circadian clocks in all peripheral cells

SCN=suprachiasmatic nuclei
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2. Circadian rhythm

Circadian rhythms in the Human cell cycle

Example of circadian rhythm in normal (=homeostatic) Human oral mucosa for
Cyclin E (control of G,/S transition) and Cyclin B (control of G,/M transition)
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Nuclear staining for Cyclin-E and Cyclin-B1. Percentages of mean + S.E.M. in oral mucosa

samples from 6 male volunteers. Cosinor fitting, p < 0.001 and p = 0.016, respectively.
(after Bjarnason et al. Am J Pathol 1999)




2. Circadian rhythm

In each cell: a molecular circadian clock

Inhibition loop

Cellular rhythms

N
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24 h-rhythmic transcription:
10% of genome, among which:

Activation loop Cytoplasm 10% : cell cycle
2% : growth factors

Nucleus Vo

(after Hastings, Nature Rev. Neurosci. 2003)




2. Circadian rhythm

The central circadian pacemaker:
the suprachiasmatic (SCN) nuclei

ntro-LLateral

(after Inouye & Shibata 1994)

20 000 coupled neurons, in particular electrically (coupling blocked by TTX),
each one of them oscillating according to a period ranging between 20 et 28 h

With entrainment by light (through the retinohypothalamic tract) for VL neurons




2. Circadian rhythm
Oscillations 1n the central pacemaker result from

interneuronal coupling and from integration of individual
neuronal action potentials

WCN slice (resulting period)
Bioluminescence S | ‘ ‘ ‘ ‘ \
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| Isolated SCN neuron (different periods)
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Days

(after Welsh 1995 and Yamazaki 2000)

Light entrains the SCN pacemaker but is not mandatory for its rthythmic firing




2. Circadian rhythm

ODE models of the circadian clock

Goodwin (1965): 3 variables, enzymatic reactions, one sharp nonlinearity

Forger & Kronauer (2002): Van der Pol-like model, 2 variables

[Leloup &] Goldbeter (1995, 1999, 2003): 3 (Neurospora FRQ); S
(Drosophila PER); 10 (Drosophila PER+TIM); 19 (Mammal) variables

Synchronisation of individual clocks in the SCN: Kunz & Achermann
(2003); Gonze, Bernard, Herzel (2005); Bernard, Gonze, Cajavec, Herzel,
Kramer (2007)




2. Circadian rhythm

Simple mathematical models of the circadian clock

Drosophila
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2. Circadian rhythm

Modelling the SCN as a network of coupled oscillators:

diffusive (electric?) coupling between neurons
RNA) K i mRNA]
it CKvsgr ™K, +mRNAG)

dPEdtR ) kmRNA() -V, FERY - WPER()+ hZ(i)+ K, ) [PER()- PER(]
j#

Ki+ PER(i

(after Leloup, Gonze, Goldbeter, J Biol Rhythms 1999)

e VIP

by cytokines); V,(i): the carrier of variabilility of = 5 o

the oscillatory period. 1 GABA receptor
3 variables for the i™ neuron that communicates = 9o juncilon
with all other (j#1) neurons of the SCN through NV g Eﬁ%’;ﬁim

cytosolic PER protein, with coupling constant K . : feedback loop
electric? gap junctions? VIP / VPAC, signalling?

(from Aton & Herzog, Neuron 2005)



2. Circadian rhythm

A hue of stochasticity in the model: heterogeneity of

endogenous clock periods to berepresented by
V. =0.505 + dispersion . rand( 'normal’)

(where V, =0.505 ->T=21 h 30)

Distribution of V,, in the central clock Distribution of V, in the peripheral clock

m

7
6
5

Plus entrainment by light: L=[0/1] . light, and V. =1.6*(1+L*cos(27T 1/24)),
hence entraining period = 24 h; other: K .=0.01, light=0.5, dispersion=0.1




2. Circadian rhythm

Pathways from the SCN toward periphery

(messages suppressed by TTX blockade of interneuronal coupling in the SCN)
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Figure 3 | The circadian clock controls cell proliferation Corticosterana (J
and apoptosis at the systemic level. Light and other

(from Fu & Lee, “The circadian clock, pacemaker and tumor suppressor”, Nature Rev. Canc. 2003)

Neural messages (ANS), humoral messages (MLT, ACTH) toward periphery
(and secretions: TGFa, prokineticin 2, giving rise to the rest-activity rhythm)




2. Circadian rhythm

Representation of messages from the SCN to the periphery.

ks PER(NSC) — kyU

koU = k5V

aV
iy

U = intercentral messenger
V = hormonal messenger (e.g. ACTH)
W= tissue messenger (e.g., cortisol)




2. Circadian rhythm
Individual peripheral circadian oscillators:

same model as in the SCN, without intercellular coupling of clocks
but with entrainment by a common messenger from the SCN

W= messager tissulaire

...determining an average circadian oscillator in each peripheral organ
or tissue, as peripheral clock PER averaged over individual clocks




2. Circadian rhythm
Result = a possibly disrupted clock: averaged peripheral oscillator

1) without central entrainment by light; 2) with; 3) without

les M=20 cellules oscillantes peripheriques, moyennees
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Resulting Per to control Weel, hence CDK1= 1), in proliferating cells
JC, Proc. IEEE-EMBC 2006, IEEE-EMB Mag 2008




Circadian rhythm and tumour growth: challenging modelling

and mathematical questions coming from biological experiments




2. Circadian rhythm and tisssue growth

Circadian rhythm disruption i Man:
[Loss of synchrony between molecular clocks?

Circadian desynchronisation (loss of rythms of temperature, cortisol, rest-activity
cycle) is a factor of poor prognosis in the response to cancer treatment

(Mormont & Lévi, Cancer 2003)

Desynchronising effects of cytokines (e.g. Interferon) and anticancer drugs on
circadian clock: fatigue is a constant symptom in patients with cancer

(Rich et al., Clin Canc Res 2005)

...effects that are analogous to those of chronic « jet-lag » (photic entrainment phase

advance or delay) on circadian rhythms, known to enhance tumour growth (Hansen,
Epidemiology 2001; Schernhammer, JNCI 2001, 2003; Davis, JNCI 2001, Canc Causes Control 2006)

...hence questions: 1) is the molecular circadian clock the main synchronising factor

between phase transitions? And 2) do tumours enhance their development by
disrupting the SCN clock?

[ ...and hence resynchronisation therapies (by melatonin, cortisol) in oncology?? |




2. Circadian rhythm and tisssue growth

Circadian rthythm disruption in mice
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2. Circadian rhythm and tisssue growth

Circadian rhythm and cancer growth 1n mice

NB: Per2 is a gene of the circadian clock

Per2”- mice are more prone to develop
(various sorts of) cancer following
y-irradiation than wild type mice
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Figure 2. mPer2™™ Mice Show Increased Sensitivity to ¥ Radiation

(A) All the irradiated mPar2™™ mice show hair graying at 22 weeks
after irradiation. Some of them also show hair loss on the back.
(B) Wild-type mice at 22 weeks after irradiation.

(C) Survival curve for wild-type and mPer2™™ mice after irradiation.

(from Fu et al., Cell 2002)



2. Circadian

rhyhm and A question from animal physiopathology:
LS (umour growth and circadian clock disruption

Observation: a circadian rhythm perturbation by chronic jet-lag-like light entrainment
(8-hour phase advance every other night) enhances GOS tumour proliferation in mice

LDI2-12

Jet-lag

Here, clearly:
Aet-lag) > MILLD 12-12)

if A is a growth exponent

How can this be accounted for in a mathematical model of tumour growth?
Major public health stake! (does shift work enhance the incidence of cancer in Man?)




Mathematical formulation ot the problem.,

first approach




2. Circadian rhythm and tisssue growth
Circadian rhythm and tumour growth:  § /.
How can we define and compare the As? [ESSSSEEMEE /(1D 12-12)

Instead of the initial eigenvalue problem with time-periodic coefficients:

Ni(t,z = 0) = L Kt Nea(b9) dg, 2<i<]

I
=0) =2 [0 Kr-1(t,€) Ni(t,€) dt, with ) - Ni(t,€)de =1
B i=1v§20

( ('%:Nz(x) + [<dz($)>a + Astat + (Kz—n—}—l(x))a]]vz(w) =0,

(Ki—1—i(&))a Ni—1(§) d¢, 2<i<I

(JC, Ph. Michel, B. Perthame, C. R. Acad. Sci. Paris Ser. I (Math.) 2006, Proc. ECMTB Dresden 2005, Birkhduser 2007)



2. Circadian rhythm and tisssue growth

Comparing A, and A : control on apoptosis d; only

‘per stat*

(comparison of periodic versus constant [=no] control with same mean)

Theorem (B. Perthame, 20006):

IT the control is exerted on the sole loss (apoptosis) terms d;, then 7\.p or = A

stat

L., Mperiodic control) = A(constant control)
if the control is on the d; only

[Proof by a convexity argument (Jensen’s inequality)]

.. which 1s exactly the contrary of what was expected, at least if one assumes that

Derer SMLDI2-12) and A, ~ Mjet-lag)!

star

...But no such clear hierarchy exists. if the control is exerted on the sole transition functions K. _;.

(JC, Ph. Michel, B. Perthame, C. R. Acad. Sci. Paris Ser I (Math), 2006; Proc. ECMITB Dresden 2005, Birkhduser 2007)




2. Circadian rhythm and tisssue growth

Comparing A and A : control on phase transitions only

per stat*

(comparison of periodic versus constant [=no | control with same mean)

Numerical results for the periodic control of the cell cycle on phase transitions

(Kioir (1, 0) =) Ly, (@)
Iwo phases, control Y on phase transition 1->2 only:

both situations may be observed, i.e., Ay, <or>A .

depending on the duration ratio between the two phases and on the control:
Y,: G2/M gate open 4 h / closed 20 h Y),: G2/M gate open 12 h / closed 12 h

_ GI-S-G2/M) (periodic) (constant) (G1-S-G2/M (periodic) (constant)
time ratio, 1 Aper Astat time ratio, 19 Aper Astat

0.2385 0.2350 0.2623 0.2821
0.2260 0.2923 0.3265 0.3448
0.2395 0.3189
0.2722 0.3331
0.3065 0.3427
0.3305 0.3479 e e
0.3472 0.3517 0.4500 0.4529
0.3622 0.3546 0.4588 0.4575
0.3808 0.3588 0.4713 0.4641
0.4125 0.3675 0.5006 0.4818

JC, Ph. Michel, B. Perthame C. R. Acad. Sci. Paris Ser I (Math.) 2006, Proceedings ECMTB Dresden 2005, Bikhduser, 2007




Example: y=1(16h)+.5(8h) sq. wave vs. constant (=no) control

Two phases

1
|

Al

Two phases

* Constant 1

A= 0.3175[— X = 0.3189]

50 60 70 80 90 100

(Here: 2 cell cycle phases of equal duration, control exerted on G,/M transition)



2. Circadian rhythm and tisssue growth

Theorem (Th Lepoutre, 2008) (control on mitotic transition, d=0)

No hierarchy can exist in general between A, and A

per stat?

proof for a 1-phase model [illustrated here with control y(7)=1+0.9cos2mt/T]

[Recalling that Ki i1(t,a) = w(t)lazai (a)]
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(JC, S. Gaubert, Th. Lepoutre, MMNP 2009)




2. Circadian rhythm and tisssue growth

Details on crossing curves around a,=1 (period of Y) for

different shapes of control ) on mitosis (G2/M transition)

Mo peak wave) [<yr>=1.99]

(JC, S. Gaubert, Th. Lepoutre, MMNP 2009)




2. Circadian rhythm and tisssue growth

Nevertheless note also:

Theorem. (S. Gaubert and B. Perthame, 2007):

The first result A > A holds for control exerted on both the . and the K;

‘per stat >0+l e

...but provided that one uses for A , an “arithmerico- ¢’ mean for the K. _,

sta

A (,%Nz(m) + [(d,,,(:c))@-l- Astat + (Ki—n'-}-l (t’ x))@Ni =0,

Miw=0)= [ (iralt O N (O, i #1.

N =0)=2 [ (Kra(t,€)y Nr()de

£>0

JC, S. Gaubert, B. Perthame C. R. Acad. Sci. Ser. I (Math.) Paris, 2007; JC, S. Gaubert, Th. Lepoutre MMNP 2009

... which so far leaves open the question of accurately representing jetlag-like perturbed
control of light inputs onto. circadian clocks (most likely not by suppressing it!)




USRIy S Bt (new result that generalises the previous one):
Lheorem (S. Gaubert , Th. Lepoutre):
Using an even more general model of renewal with periodic control of
birth and death rates,

n;(t,0) = 2_; [ Bij(t,z)n;(t, x)da.

Then it can be shown that the dominant eigenvalue A (F for Floguet)
of the system is and
; i.e., (JC, S. Gaubert, T. Lepoutre, MCM 2010)

Birth rates Death rates | Dominant Inequalities
eigenvalue

1—6)d? A <ONE+(1—0)0%

(using Jensen's inequality, the previous theorem results from this one)



2. Circadian rhythm and tisssue growth

En passant: an application of this convexity result to theoretically justity
cancer chronotherapeutics (1/. Lepoutre) by
in the periodic control case:
Periodic drug delivery with time shift 0 and action on death rates:
replacing d;(t) by d;(t — 6 ) IR and if B is

the first eigenvalue corresponding to an averaged death rate, then:

1.e., the toxicity of the averaged system (constant delivery) will be higher
than the average toxicity of all periodic shifted schedules (0 =1,...24 h)

RSB NIRRT | Long base, weak advantage Short base, strong advantage

Ar(0)

(JC, S. Gaubert, I
T. Lepoutre, MCM 2010)




Still searching for an explanation,
following alternate tracks:

Just what 1s disrupted circadian control?




2. Circadian rhythm and tisssue growth

Including more phase transitions in the cell cycle model?

Hint: an existing model for G,/S and G,/M synchronisation
(recalling the minimum mitotic oscillator (C, M, X) by A. Goldbeter, 1996, here

duplicated to take into account synchronisation between G,/S and G,/M transitions)
—» C4 >

4.0 4.0

C.=Cyclin
M.=CDK
X.=Protease

Romond, Gonze, Rustici, Goldbeter, Ann NYAS, 1999



2. Circadian rhythm and tisssue growth

Hence a second approach: Numerical results with phase-opposed
periodic control functions i, on transitions G,/S and G,/M

Numerical simulations on a 3-phase model have shown that if transition control
functions ¢, on G,/S and ¥, on G,/M are of the same period 24 h and are out of
phase (e.g. 0 between 0 and 12 h, and 1 between 12 and 24 h for v, with the
opposite for ), then the resulting A, is always lower than the corresponding value
M. for Y, =1,= 0.5, whatever the durations a,, a, of the first 2 phases (the third

one, M, being fixed as 1 h in a total of 24 h for the whole cell cycle, with no control
on M/G,1.e., y;=1).

]
Va; > 0,Vay > 0,

if a1 +ax+1/24= )L(LD [2-12) = A, < A —)L(]et lag)

JTEQ OTOT
(jet-lag=desynchronisation between clocks?)




2. Circadian rhythm and tisssue growth

Another track: @ molecular connection
between cell cycle and clock: cdki opens G2/M gate; Weel inhibits Cdk1

Cell cycle clock Circadian clock

CDC25
Gy «—M \

o I_@._J \_ reveres

Cydin B

CRY12_ M

AMEN with LD12-12 entrainment on wee1

_> Cyclin _Xip

P
Cdc2 = 1
kinase M

T T T T T T

10 20 40 50 60 70 80
- =cyclin P=cdc25 phosphatase
i = (:2 kinas

Cyclin =protease (enhancing cyc B degradation)

protease

Mitotic oscillator model by Albert Goldbeter, 1997, here with
circadian entrainment by a square wave standing for Weel




2. Circadian rhythm and tisssue growth

More connections between the cell cycle and circadian clocks

Cell Cycle Clock

Rev-Erba
Cu cathan Clock

1) The circadian clock gene Bmall
might be a synchroniser in each cell
between G,/S and G,/M transitions
(Weel and p21 act in antiphase)

2) Protein pS53, the major sensor
of DNA damage (“guardian of the
genome”) , 1s expressed

according to a 24 h rhythm (not
altered in Bmall~ mice)

7-|rracnanon_,/' \

[Bmaiticiock | or [Bman/Npas2

| ps3
Bestfictin
20 23h cosing
Apaptosis ) [» i
- 1o Timepoine @
Mean & SE 3
14
p=0037 1
0 S—rr -
w5 o
Cloc

Genomic (fron 3/ l)))) Genamic Instatility,

Instability cell prolifaration
]

I (from Fu & Lee, Nature 2003)




2. Circadian rhythm and tisssue growth

d : dd1d (0 C C C
Recall A olbete % 0del 10 C 0 0 @
cyclinC Y > dC C
i i = v; — kgC — 14 X ————
v ! dt Vit vd Kqg+C
(inactimctive) d‘{“[ o C (1 o AI) AI
)| it  "K.4CK +(1-M) ‘KM
v 1X 1-X X
L ~ T ) (— S ’Ugﬂ'i[ ( - ) - — ‘/4—
(inactive) ~ protease Y (active) dt K 3 1 (1 — X) K 4 + X
V\___/ ' ‘

C = cyclin B, M = cyclin dependent kinase cdk1, X = degrading protease

0.7

D 2 P O . . . 0.6

0.5

0.3
Adapted to de DEC DI1ASC d 9

0.2

0.1

oldebeter Bioche al o 0 d cellula P 1996 oot ~ % 4 @ &
in B




2. Circadian rhythm and tisssue growth

Control on transition rate G2/M: Cdkl, entrained by Weel

AMEN with LD12-12 entrainment on wee1 [W=V2(1-force.jet-lag)), vd=2, v3=2, vM5=17.1, force=0.5

A. Goldbeter’s model (1997), cdc[=Cdk1]
entrained by 24 h-rhythmic Weel

|

Template: square wave
4hx1and 20 h x zero

Extended cascade for the minimal model by A. Goldbeter for the mitotic oscillator, vd=2, v3=2, vM5=17.1, T=24

Same model, Wee l=constant, coefficients
set to yield 24 h period

l

Template: square wave
«LD 12-12-like»: 12 h x 1, 12 h x zero

...0r constant control




2. Circadian rhythm and tisssue growth

Hence a third (molecular) approach: a disrupted clock? peripheral
clock 1) without central entrainment by light; 2) with; 3) withoufi

averaged

les M=20 cellules oscillantes peripheriques, moyennees

Synchro L/D
(entrainment

at T=24h)
Desynchro D/I

;Desynchro D/D

|(T: varying I (T: varying

Fround 21h30) || | l' ’\ l\around 21h30
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Per to control Weel, hence CDK I =
Clairambault, Proc. IEEE-EMBC 20006, IEEE-EMB Mag 2007



2. Circadian rhythm . .
and tisssue growth Clock perturbation and cell population growth

Weel oscillators synchronised or not in a circadian clock network model

Controle sur la transition G2/M, derniers cycles Controle sur la transition G2/M, derniers cycles

| Desynchronised Weel § | Synchronised Weel
| ' (no entrainment by light): f ’l | " ' | (entrainment by light):
vl | | || : ‘ ' | ‘Control Cdk1=1) f L. } ' | Control Cdk1=1)

501 |
050 JLJ[ JL/ _/ /¥J

/ L 0.48
/ / 4 J V V / lth perturbed CIOCk 0480 o1 92 93 54 95 96 97 98 99 100 Wlth unperturbed ClOCk

062

31111111l

058
0.567

0.48
90 91 92 93 94 95 96 97 98 99 100

Phase M, solution renormalisee, tous ages, derniers cycles Phase M, solutiol

Resulting R e - Resulting
irregular cell | regular cell
population —=——— WA LML a2 population =====— "' || |
dynamics o dynamics
in M phase R e in M phase e R % R % W

Weel is desynchronised Weel is synchronised
at the central (NSC) level at the central (NSC) level

Resulting A=0.0466 Resulting )\.-0 0452

Phase M, distribution asymptotique Phase M, evolution temporelle de la solution ormalisee, tou:

Phase M, distribution asymptotique suivant age Phase M, evolution temporelle de la solution refbrmalisee, tous age:
4.0 950

351 [\ 900
3.0 I 850
25 800
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Still a general mathematical formalism to describe and analyse circadian disruption is wanted. ..



2. Circadian rhythm and tisssue growth

Fourth approach: What 1f we had it
all wrong from the very beginning?

Underlying hypothesis: 1oss of normal physiological control on cell
proliferation by circadian clocks confers a selective advantage to
cancer cells by comparison with healthy cells

LDI2-12

Jet-lag

Possible explanation of E. Filipski's experiment (Th. Lepoutre):

Circadian disruption is complete in healthy cells (including in
lymphocytes that surround the tumour), so that the natural advantage
conterred to them by circadian influence is annihilated (by contradictory
messages from the central clock to proliferating healthy cells)... whereas
tumour cells, insensitive (or less sensitive) to circadian messages, just

proliferate unabashed: ...a SIOry 1o be continued!




2. Circadian rhythm and tisssue growth

[Temporary| Conclusion

- Searching for an explanation to the initial biological observation,
we have come across different (and contradictory) reasons why it

should be so.

- Biological evidence i1s still lacking to make us conclude in favour
of one explanation or another (disrupted clock: a proliferative
advantage or drawback? ...For which cell populations?).

- A ‘by-product’ of our quest 1S a new convexity result on the periodic
control of a general renewal equation, that can also be interpreted

in favour of the concept of chronotherapy as compared with classical
constant infusion therapies in oncology.




Molecular pharmacokinetics-pharmacodynamics

(PK-PD)




3. Molecular PK-PD

Molecular PK-PD modelling in oncology

“Pharmacokinetics 1s what the organism does to the drug,
Pharmacodynamics is what the drug does to the organism™

Input: an intravenous [multi-]drug infusion flow
Drug concentrations in blood compartments (PK)
Control of targets on the cell cycle in fissues (cell population PD)

Output: a cell population number -or growth rate- in tumour and health
tissues

Optimisation = decreasing proliferation in tumour tissues while
maintaining normal proliferation in healthy tissues




3. Molecular PK-PD
st example: Modelling molecular PK-PD of Oxaliplatin:
a model mmvolving DNA damage, GSH shielding and repair

—[€ +cl + AL]P +i(t)

1
—APL + € (N— N() — §(L — L0)3 +’T‘L(L — Lo))

2
w
—?L(L—Lo)

C(G — Go)? §P
K2, +(G—Go? reNaCltsyy

—VasT

_F F— F
—kpNaWCF + kpF 0 repair (gR, 01,05, 0 )
F() FO

.. WCO(G—Go)?
et K¢ gr + (G — Go)?
2

~=2(G - Go)

+6 (S — Sy — %(G — Go)® +76(G - Go))




3. Molecular PK-PD

Molecular PK of oxaliplatin: plasma compartment

Mass of active oxaliplatin

Instantaneous infused
Constant clearance

dose (flow)

C;_];= le+ci+a-L}P+i(r)

Binding rate of oxaliplatin to plasma proteins

Rate of transfer from plasma to
peripheral tissue (cellular uptake)

Mass of plasma proteins (albumin
or other hepatic proteins) € tunes the robustness of GSH oscillations, from harmonic to relaxation-like

f pL tunes the amplitude of
the cycle of plasma
proteins

|

3
=-A-P-L+¢e|N-N, _E(L_LO) +r,(L-L,)
Hepatic synthesis activity of plasma pr()z‘eins—L f 0, funes the period of the cycle of plasma proteins

Plasma protein synthesis
shows circadian rhythm




3. Molecular PK-PD

Molecular PK of oxaliplatin: tissue concentration

Degradation of free DNA (F)

Tissue concentration . .
by oxaliplatin (C)

in free oxali[kztin (C=[DACHP1t]) l

GST-mediated binding of reduced glutathione (G)
to oxaliplatin (C), i.e., cell shielding by GSH

tissue in which
the mass P of

“Competition” between free DNA and reduced glutathione Jlfze;/%l;plaﬁn
GSH [=G] to bind oxaliplatin in proliferating cells |




3. Molecular PK-PD

Molecular PD of oxaliplatin activity in tissue

Mass of free DNA

Action of oxaliplatin on free DNA (F)

dF’ Fo— F Fo— F
—=—k CF + kplF —— ) .00, ——
g DNAW + kR 7 repair | gr, b1, 02, 7

Mass of reduced \‘\\DNA Mismatch Repair (MMR) function

glutathione in target

(6, < 0, : agtivation and inactivation thresholds; gg: stiffness) | i———
cell compartment \

lfOxaliplatin cell concentration

WC(G — Go)? 1 :
+(G—Go)2 +5<S So (G GO) +TG(G GO)

O tunes the rokustness of GSH oscillations, from harmonic to relaxation-like

IOG tunes the amplitude of the cycle of GSH

Actvizy of p-Glu-cysieinyl liguse (GCS) synthesis by GCS = Y-Glu-cysteinyl ligase

O tunes the period\bf the cycle
of GSH synthesis by GGS

Glutathione synthesis

(=detoxification) in cells
shows circadian rhythm 0 1-F/F,—cell death




3. Molecular PK-PD
Example: representing the action of oxaliplatin on DNA and ERCC2

polymorphism in tumour cells, to take drug resistance into account:

Concentr

activity

N Y T T

(Diminished V¢ binding to GSH / cellular uptake S, instead of enhanced repair, lead to comparable results)

Q)



3. Molecular PK-PD

Yet to be studied: pS3 dynamics to connect DNA damagé
with cell cycle arrest, apoptosis and repair

Needed: a p53-MDM?2 model (existing models by Ciliberto, Chickarmane)
to connect DNA damage with cell cycle arrest at checkpoints by inhibition

of phase transition functions 1), and subsequent apoptosis or repair
(NB: p53 expression is circadian clock-controlled)



3. Molecular PK-PD

214 example: Drug 5-FU : 50 years on the service of
colorectal cancer treatment

(Methylatigq site blockeq)
0 O

HN

HN I
OJ\ N Normally, OA
H

methylation in 5 N
by Thymidylate H
Synthase (TS) of
dUMP into dTMP

}JlrJadciI]e Thymine 5-Fluoro-Uracile
= vridine

(NB : Uracil is found only in DNA)




3. Molecular PK-PD PharmaCOdynamiCS (PD) of SFU

€D

2 main metabolic pathways:

(oro)f

E30000666655500| ¢ by FAUMP of
<- DPD}— P _. dUMP binding to
|¥ " [PRPP I target TS
UP| [OPRT TlK
i
— > PY—| TS
&--@p il [ Stabilisation by

1 CH,-THF of
' binary complex
dUMP-TS]

Incorporation of i R o Incorporation of
FUTP instead of ' | FAUTP instead of
UTP to RNA

(Longley, Nat Rev Canc 2003) dI'TP to DNA



Folate (F) O\\\\/OH 3. Molecular PK-PD

OH
HO NH'\/T Folic acid, Leucovorin (LV)

Methylenetetrahydrotolate

Tetrahydrofolate (THF)

Dihydrofolate (DHF) 0
N
N X N
jses
HoN \ N
© () (W)
0.

LV=Formyltetrahydrofolate 1ICHO-THF) ]
0 [

v

o)
OH
o) N
| ® @*
¢ Y N N
X I ¥ A
HN™ N N
N G)INGD
+dTMPlI+dUMP

5,10-Methylenetetrahydrofolate ~ Ox,©M
(CH,-T

OH

O

Iz




3. Molecular PK-PD

Formyltetrahydrotolate (CHO-THF) = LV
a.k.a. Folinic acid, a.k.a. Leucovorin

Precursor of CH,-THEF, coenzyme of TS, that forms with it and FAUMP a stable
ternary complex, blocking the normal biochemical reaction:

5,10-CH, THF + dUMP + FADH, dTMP +THF + FAD

Thymidine

@ ! Lj»"ﬁ:»
aTTP
e S

T

dUTPase UDG

FdUMP > dUMP)
(Longley, Nat Rev Canc 2003)




3. Molecular PK-PD

Impact on the cell cycle via p53:

| .-junk RNA: by incorporation of FUTP
2.-junk DNA: by incorporation of dUTP and FAUTP
3.- : resulting in A/T ratio unbalance

...Hence DNA damage and subsequent triggering of pS3

Increased TS
exprassion

O — B — @) frr=

Lo

&

ongley, Nat Rev Canc




3. Molecular PK-PD

Plasma and cell pharmacokinetics (PK) of SFU

Poor binding to plasma proteins

Degradation +++4 (80%) by liver DPD

Cell uptake using a un saturable transporter

Rapid diffusion in fast renewing tissues

5-FU = prodrug; main active anabolite = Fd-UMP

Fd-UMP: active efflux by ABC transporter ABCCI11 = MRPS

(Oguri, Mol Canc Therap 2007)




3. Molecular PK-PD

5-FU catabolism: DPD
(dihydropyrimidine dehydrogenase)

D

S5-FU = 5_FU H,, hydrolysable [ =—= E[Alanin]
DPD: hepatic +4+

DPD: limiting enzyme of SFU catabolism

Michaelian kinetics

Circadian rhythm of activity

Genetic polymorphism ++4+ (very variable toxicity)




3. Molecular PK-PD

Modelling PK-PD of SFU (4 drug resistance) + Leucovorin

dp aP P i(t) " T — . .
W — = —koP— ———1 —_— ‘
dt 0 b+pP  PPP mppp + P Vv ! ‘ @ W W 1<st l J
dF a P AF | -
@ = - coiP oip MFSThaB 0 . ﬂ\m
4 N T !
o) dQ j(t)<—{1 j = LV infusion flow o i Tﬂ
b ZBN —k2Q + L7 nput j infusion flow L= it L -
dt 174 12 7] [T 1280 18 .
I i 4"\““ | . .
@ % = @Q — k3L — k4BL Input i = 5-FU infusion flow ur'_'\L W‘“\ W\ \ [d’ llg lnﬂux]
dt I3 i w W W W
5) dN kEF™ N ~
& = owmymn MY qpoll oy g [drug effiyx
(©) % — /‘I'N —vA A = ABC transporter (active drug efflux) ué/q\"“ \\AA/\
dt 1 M0 0 10
ds I
(N _ —~
E = —kFS+k1B+ GTS(SO - S‘)\ i @ 840 120 180
®) dB _ T e 1 _B"‘\M/"'fl/"r\_/")\__/"(‘
E = leS —k_1B — k4BL ‘ S = Free Thymidylate Synthase (TS) | 3L = = = i
dT : — Blocke idviate Synthase | 1
©9) _ Drug output T = Blocked Thymidylate Synthase | | |
E - k4B L- 'UTT<__ (stable ternary FAUMP-MTHF-TS complex) | gk //Tm\‘ IM\M — 120 T
P = Plasma [5-FU]; F = Intracellular [FAUMP],
27 (t — ppp) Q = Plasma [LV]; L =Intracellular [MTHF];
where Ilppp =Ilppp.BAsE {1+ €cos By I N = 5-FU-triggered Nuclear Factor; A= ABC
Transporter activity, NuclearFactor-induced;
ot — ors) S'= Free [TS] (not FAUMP-bound),
and So = So.BASE {1 + 4 cos 74”} B =[FdUMP-TS] reversible binary complex;
2 T=[FdUMP-TS-MTHF] stable ternary complex

(Levi, Okyar, Dulong, Innominato,, JC., Annu Rev Pharmacol Toxicol 2010)



3. Molecular PK-PD

¢ : t (] C C ' .
dP aP P i (t
D D — = —koP — o
Z dt Ko b+ P lDPDmDPD+P " 4
dF a P AF
D — —_— —_——_— — - k FS k_ B
' ’ dt Eb+P cr B PTEA
0 _p dQ B kO ' Input = LV infusion flow
— = —ky AN
Ccilz ko 4 Input = S5FU infusion flow
— — = 20 —k«L —ksBL
— : Q — ks 4
el 5 0 dN kEF™
— = — — N
dt oy e F
/A AB ( orile dA
0 00 dsS
— = ~kFS+k 1B +0rs(S - 5)
b : £ dB
> Ve dT | Output = blocked
0 ocka = k4sBL — 'Uj'<: > Thymidylate Synthase

2m (t — 2m(t —
where lDPD:lDPD_BASE{]-_"ECOS W( 24('0DPD)} and SOISO_BASE{I‘F(;COS ’IT( 24CPTS)}




Simulation: 5 series of 2-week therapy courses

U(T)=L,[1+sin{270(t- Q5 +9)/12}] and  j(7)=],[1+sin{25(t-@; +9)/12}, then zero for 12 hours
4 days of 4FU+LV infusion,l2 hours a day, every other week

|| || |||
0 | | |
4 420 840 1260 1680
F = Intracellular [FAUMP] )
NN N N
49 420 840 1260 1680
o emalt) | | O O
9% 420 840 1260 1680
L = Intracellular [LV] i \[\ N\Nk NW\ M N\Nk [
0
N = [ner ] SFU-triggered 1 420 840 1260 1680
Nuclear Factor .
A = ABC Transporter activity 2 420 840 1260 1680

nrﬂ-inducted - /\/\/\/_\

0
0 420 840 1260 1680
S = Free [TS] (not FAUMP- 10
bound) - ——F\—”—‘\v
: 30 420 840 1260 1680
B = [FAUMP-TS] reversible ]
binary complex .
(1) 420 840 1260 1680
T = [FdAUMP-TS-LV] :

bl [ ]
stable ternary complex o1 ]\N\'\ M ]\'\"’\ [\’\"’\ J




3. Molecular PK-PD

SEU and LLV: plasma and intracellular PK

FAUMP extracellular efflux 5FU cell uptake SEU DPD detoxication in liver
(by ABC Transporter ABCCI1)

i(t) = SFU I P Binding of
infusion flow ' DPD mppp + P FAUMP to TS
to form a reversible
@ binary complex B

Jj(t) =1LV . Binding of LV to

infusion flow [KeAA FdUMP-TS = B to
form a stable
ternary complex

11| i

i

10 420 840 1260 1680




3. Molecular PK-PD

Assuming induction of ABC Transporter activity by FAUMP-

triggered synthesis of a nuclear factor [nr/27]

Nuclear factor

ABC Transporter
(ABCCI1=MRPS)

LN TN

1260

o
)
A=ABC

I

transporter MRPS8

%

a0




3. Molecular PK-PD
Targeting Thimidylate Synthase (75) by FAUMP:
Formation of binary and ternary 7.S-complexes
—k1FS +k_1B+01rs(So — 5)
k1FS —k_1B — k4 BL

ksBL — vrT

F + S s [.S = B (FAUMP-TS 2-complex)
k

B+ I ———tim B-L = T (FAUMP-TS-LV 3-complex)

0
B=binary &
complex -

1
T=ternary |

complex ]




Some features of the model:

3. Molecular PK-PD

a) SEU with/without LV 1n cancer cells (=MRP8+)

With Leucovorin added in treatment

T

"

|

I

1260

N

420

s o
I

I 1l

7
| V\ N\M\
420

0
2 20

10 420

s 1 S~

‘ 20 840 1260
Binary
comp le)? 420 840 1260
Ternary

AN N TN TN ™

complex-

420

840

1260

1680

Cancer cells die

Without [Leucovorin added

1 ‘ x -
o O
y 420 80 1260 1680
p 0 840 1260 16
?n 20 840 1260 1680
0 120 840 1260 1680
2 Ac’F“-.\_____.//jf?"\\~\\\___,//’///9f9‘\\\\\‘////”—__‘lg§9~\/”" &
o3 120 840 1260 1680
TS b W 6.4
y 420 840 1260 1680
Binary /
1 42.
complex, ?)
y 20 840 1260 1680
Ternary *.
complex03
()

Cancer cells survive




3. Molecular PK-PD

b) SFEU with/without LV 1n healthy cells (=MRPS-)

...But adding LV also kills more healthy cells:

With Leucovorin added in treatment Without [Leucovorin added

1 : 1 .
| N N N O
¢ 420 840 1260 { 1680 p 420 840 wﬁ} 1680
30} rl\l\:p_o\ 0 160 1680 2 20 840 1260 1680
| O |
) ‘ 4!\20 840 1260 1680 H) 420 840 1260 1680
?N\N NW:& NW\ 840 N\’W 1260 NW\ 1680 ? 420 840 1260 1680
0 120 80 1280 1660 E 420 840 1260 1680
0 120 840 1260 1680 00 42 640 1260 1680
7S - 0.8 TS 2:3
p 220 840 1260 1680 2 420 840 1250 1650
5 \/
c: ‘1’:




3. Molecular PK-PD

c) SEFU+LV with/without MRPS8 (cancer vs. healthy cells)

Cancer cells (=MRP8+) Healthy cells (=MRPS-)

| ] 1 1

°‘ szo\ % ﬂ\mo_ﬁﬂ\?jeo 0;) rl\ﬁ:eo\ 80 12 1660
Al W W N N |

0 V\ }W\ﬁ\e\o NWLW N\’\N 1260 NW\ 1680 °NW )Wzo NW\ 840 NM 1260 NW\ 1680
:_ Mo : 20 840 1260 1680
:- MM 25 TS 1:‘ 0.8
:A\* % i —  — ° — -- [ 680

Cancer: cells resist more than healthy cells, due to lesser exposure to FdUMP

(actively effluxed from cells by ABC Transporter MRPS)




3. Molecular PK-PD

d) SFU+LV with chronotherapeutics:

Intfusion phase differences in cancer cells (MRPS+)
DPD and SFU in phase DPD and SFU out of phase

Plasma Plasmg | |
SFULIL Wl seopl O Al
. 7 80 1260 1680 ) 7 80 1250 160
0_-% P PN PN PN 0 PN N PN r"\/\
4 {o’“ Tﬁ t 80 ’ 1280 1680 : V 0 | 80 ‘ 1250 | 1680
o0 o il W W
00 W W 840 1260 R 1680 " 2l M 1280 1660
L L O L L L L
! 2 80 1280 1680 : 7 i %0 1680
0- e Gd e LN\ LN LN
) 2 80 1280 1680 2 m %0 1680
o — @ 80 1260, 1680 i 20 m 1260 1680
TS 1 T T 52 TS \_——_\*”\F———\_/\_/, 3.7
" @ 80 1280 1680 ! @ 80 1280 i
A :,/—WW
: 7 B0 1240 1680 ! I i %0 T80
:A_ N TSN SN N :A~ N TN N N
( 420 840 60 6 0 420 840 1260

Cancer cells die Cancer cells die even more (more SEU

in plasma, more FAUMP in cells)

[The same behaviour can be shown in healthy cells |



3. Molecular PK-PD

314 example: Drug Irinotecan (CPT11)
Intracellular PK-PD model of CPT11 activity:

e [CPT11], [SN38], [SN38G], [BCGA2 (PGP)],
[TOP1], [DNA], [pS3], IMDM?2]

* [nput=CPT 11 intracellular concentration

* Output=DNA damage

e Constant activities of enzymes CES and UGT 1A1

» A. Ciliberto’s model for p5S3-MDM?2 dynamics

, Topoisomerase 1: the target _ &5
eading stran

Irinotecan l j/ \\J_( Y r
lCarboxersterase(CES) ” w

SOVeS b OOOPOC—
Replication
H\, \( NN V D machinery
lUGT 1A1 5
Catabolite

.IZ‘H Single-stranded DNA
[ l—r l 1 ﬂzy
l_" |

> Lagging strand

OH

(from Klein et al., Clin Pharmacol Therap 2002) (from Pommier, Nature Rev Cancer 2006)




3. Molecular PK-PD

Intracellular PK-PD ot [rinotecan (CPT11)

7

d[CPT11] [CES|[CPT11] [ABCG2|[CPT11]

= In(t) — k .
nt) =k oPT] ™ Ky, + [CPT]

dt
dSN38] _, [CES|CPT11] . [ABCG2|[SN3§] , [UGT1AL|[SN3§"
dt Ko+ [CPT11] ™% Ky + [SN3§] > Kn, +[SN38]"

_kcompl [SN38] [TOP].] [ADNlibre] + kcompll [CC]

d[SN38G] . [UGT1A1)[SN3§]*
dt =k K", + [SN38]" kar [ SN38C]
d[ABCG?] [SN38] (CPT11]

dt K2+ [SN38] ' 'Ky + [CPT11]

(dTOP1] 2m(t — )
dt = ktopl (1 + € cos <T

= kw[ABCG2)] ( ) + —kg2]ABCG?)]

)) — eompt|[SN38|[TOP1][AD Niipre] + kcompt, [CC] — katop1 [TOP1]

d[Dl\; z;hibre] = —kcompt[SN38|[TOP1]|[ADNiivre] + kcompi, [CC) + repair DN A([p53iot), [C Cirr))
d[StC] = keompt|[SN38|[TOP1][AD Niipre] — Ecompt, [CC) — kire[CC]

d[CCirr]

= kirr[CC| — repair DN A([p53+ot], [CCirr])

[CCiTT]
U IR O™ (Luna Dimitrio’s Master thesis 2007)

repair DN A([p53tot], [CCirr]) = —kapNa[p53tot]




3. Molecular PK-PD

A. Ciliberto’s model of pS3-mdm?2 oscillations

( d|pd3;,
P dtt d ks53 — kass [p53tot]) — kas3[p53UU]|
d[pfifU] — e [Mdm2me][p53] + b [p53UT] — [p53U](ky + ks [Mdm2nae]) + —kas [p53U]
d
% — b [Mdm2uac[p53U] — [p53UU Tk — [p53U0] (kass + kass)
<
d[Md;:Qnuc] = Vtratio(ki [Mdm2pcyt] — ko [Mdenuc]) - kbz’f [Mdm2nuc]
d[Mdm2cyt] ksg [p53tot] 8 k
——= =k — kgor | Mdm2, kgepn| M Mdm2P,, | — Mdm?2,
Vd dgp 2t J3 + [p53tot]? a2/ [Mdm2eyt] + Kaepn| M2Pey:] Ton + [p53tot] [Mdm2cy]
[Mdm Cyt] = (M dmzcyt] Kdeph (M dm2PCyt] ki[MM dePCyt] + ko[Mdm2,4c] — kgo [M M dm?Pcyt]
\ dt ph + [p53t0t]

(Ciliberto, Novak, Tyson, Cell Cycle 2005)




3. Molecular PK-PD
PD of Irinotecan: 1) pS3-MDM?2 oscillations can repair DNA
damage provided that not too much
SN38-TOPI-DNA ternary complex accumulates

IRINOTECANInjections:CPTII{DARK GREEN), SN38({BLACK), SN38-G{BLUE)and TOPI1{\IOLET)

1

ei CPT11
] SN38

SN38-G

topl

|
’ - - -~ ~ |
P Y i N F ~ 4 b 1 Y f,‘\ r,‘\ 7N\ F " F " 4
\ f \ ’I. \ ’I. \ J,. ,\ J.. .\ "_. " ; || .\si\_ '... ) -.... J .“'. ,.l '.\ ’- \ /.
e’ v - o v A% '-../ i v, v, Va's

S0 120 160 200 240 280 320

DNAdamage
4 | ——pS3
mdm2

T i)

40 160 200 240 280 360
1 ’

(Intracellular PK-PD of irinotecan and A. Ciliberto’s model of pS3- MDM2 oscﬂlatlons)



3. Molecular PK-PD
2) A single infusion of Irinotecan, out of phase with TOP1
circadian rhythm, creates reversible damages: DNA damage 1s
repaired after a few oscillations of p53

IRINOTECANInjiections:CPTI{DARK GREEN ), SN38{BLACK), SN38-G{BELUEand TOPI{IOLET)
"

CPT11
SN38
SN38-G
topl

DMNAdamage
—pS3
mdm2

320 360
(Luna Dimitrio)




3. Molecular PK-PD
3) A single infusion of Irinotecan, with TOPI
circadian rhythm, creates

p53 oscillations cannot repair the damage to DNA

IRINOTECANInjections:CPTI{DARK GREEM), SN38{BLACK), SN38-G{(BLUEand TOPI1{/IOLET)

CPT11
SN38

DNAdamage
—pS3
mdm2

(Luna Dimitrio)




3. Molecular PK-PD

4) Doubled activity of degrading enzyme UGT1A1 [known
way of resistance to CPT11]: 3 infusions do not kill the cell

IRINOTECANinjections:CPTI{DARK GREEN), SN38(BLACK), SN38-G{BLUE)and TOP1{\/IOLET)

8
7
6
S
4
3
2

1
0

-1+

0

. DNAdamage
—pS3
mdma2




3. Molecular PK-PD

5) Lower production and weaker periodic forcing

=downregulation of TOP I [another way of resistance
to CPT11]: DNA damage is repaired

IRINOTECANInjections:CPTII{DARK GREEN), SMN38(BLACK), SN35-G{BLUEand TOPI1{"IOLET)
n

DNAdamage
—pS3
mdm2




3. Molecular PK-PD

More on Irinotecan: experimental identification of

model parameters in nonproliferative cell cultures
(from Annabelle Ballesta’s PhD work)

No interaction with the cell cycle: confluent populations of CaCo?2 cells

Pharmacodynamics: measurement of DNA double strand breaks
Circadian clocks synchronised by seric shock (fetal bovine serum)

Activation / degradation enzyme expression, concentration and activity

Transmembrane exchanges by ABC transporters (active efflux pumps)




3. Molecular PK-PD

What must be in the PK-PD model

SN38G, ? SN38G,

DNA TOD
N S

DNA/TOP1

Replication,
Transcription

+Impact of circadian clocks

Double-Stranded Breay

Apoptosis




3. Molecular PK-PD

Mathematical Modelling

PK-PD model: 8§ ODEs, 18 parameters

d[CPT110ut] Vout
dt Vi
d[CPT11;,]

dt

d[SN38,ut] Vout
dt Vin
d[SN38;,]

S dt

d[S:\r-?)SGout] "‘i)ut
dt Vin
d[SN38G,]

dt
d[COMPL)

dt
d[DSB]

dt

—kuptc PT
n

V.
kuptCPT ‘?ut [C"PTllout.] =

m

‘jf.“" [CPT110ut] +

VerropT [ABCBI1][CPT11;,]
Kesropr + [CPT114y)
VerropT[ABCBI]|[CPT11;:5] _ Vepr—sn[CPT'11;,]

Kesropr + [CPT114,] Kepr—sn + [CPT11,,]

v, VesssnN[ABCG2][SN38;y]
SR - Y Oy R i .
eIy, - o] Kopgsn + [SN38,]
i - Vout (SN 380ut] — VeffSN [ABCG2][SN38in] Vepr—sn[CPT11;,]
upEIN ;n = = K’effSN 5 [‘5'-'\'?38171] I"’C'PT—SN ot [C"PTllin]
V1w [UGT][SN 38in ; ’
_YorulUGTIISNSSin] _, 110 P1J[SN38in](DN Aror — [COMPL]) + krc[COM PL]

I\!glu + [S.’N"BSITL]
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"out

7

I\'uptSNG . [S.NBSGout] £

m

[IS'.'NY38Gout,] +

V.t 1c[ABCG2|[SN38Gin]
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Ves sGIABCG2|[SN38Gin] _ VguulUGT][SN38in]
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(A.Ballesta et al., article in preparation)

(1)

(3)

(4)
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Mathematical modelling

Zoom on equation for [CPT11, ]:

d [C' p T 11 out ] ‘:3 wt . "O ut

1 _ "feffC"PT [.-‘BC’] [C'PT].].ZH]
—NuptakeCPT 7~ T 1 D711 1

!
[C’PTllout] +

dt ‘; n B V in F "e ffCPT + [C'P 111 in ]

I

Change over time CPT11 cell uptake CPT11 cell efflux
(passive) (active= Michaelis-
Menten kinetics)

[CPTI],,]=CPTI11 extracellular concentration
[CPTI1,] =CPTI11 intracellular concentration
V .. = volume of extracellular medium

V. =volume of intracellular medium

K prakecrr= Speed of CPT11 uptake

V icpr Ky =Michaelis Menten parameters for CPT11 efflux

¢




j 3. Molecular PK-PD
8 Experimental results on Caco2 cells: kinetic study

— without Verapamil
- With Verapamil

-
Q
(=]
(o]
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f L L L L L L L 0 f L L L L L L L
6 12 18 24 30 36 42 48 6 12 18 24 30 36 42 48
time (hour) time (hour)

Exposure of Caco2 cells to CPT11 (115uM) during 48H, pre-
incubated or not with Verapamil 100 uM (inhibitor of ABCB1),

measurement of [CPT11] and [SN38] by HPLLC

» CPT11 Bioactivation into SN38
> ABCBI1 involved in CPT11 efflux but not in SN38 efflux
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Experimental results on Caco-2 cells: circadian clocks

Seric shocks (ie. exposing cells to a large amount of nutrients
during 2 hours) synchronise the circadian clock of the cells
which subsequently oscillate in synchrony

e Three clock genes (RevErb-a, Per2, Bmall) oscillate in
Caco-2 cells -> circadian clocks work properly

mRNA Curve Fitting:

(mRNA](t) = R+ SeM(1+ 600.9(2% + ¢))

[Reverb-alpha]/[36B4] (UA)

mRNA measurement by quantitative RT-PCR
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Optimising exposure to Irinotecan in CaCo?2 cell cultures
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For a fixed cumulative dose of Irinotecan, optimal exposure duration o

3.6 hours, independently of the dose
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[rinotecan exposure optimisation for synchronised cells
(assumed to represent healthy cells)
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» Trivial exposure scheme of short duration (no toxicity but no efficacy either)

» Advantage of choosing the right circadian time increases with scheme efficacy
(difference between best and worst circadian times of exposure for durations

between 4 and 6 hours )
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Optimal control for Irinotecan exposure:

Maximizing efficacy under constraint of toxicity

15

efficacy=1.5%oxicity

25k

bt
o N
T T

Maximal efficacy under

constraint of toxicity (i mol)

e
o
T

dose (1L mol)

(==}

N
23
T

[=2]

Optimal exposure Optimal cumulative

duration (hours)

(hours)

Optimal CT

1 1 1 1 1 1 1 1
04 06 038 1 12 14 1.6 1.8

Maximal allowed toxicity (u mol)

1
0 0.2

2
x 107

-
T

-~
T

1 1 1 1 1 1 1 1
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Maximal allowed toxicity (1 mol)

1
0.2

1 1 1 1 1 1 1 1
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Maximal allowed toxicity (1 mol)

1
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o

e

1 1 1 1 1 1
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Maximal allowed toxicity (u mol)

» Optimal dose increases linearly with maximal allowed toxicity

2

5
x 10

» Optimal CT between CT 1.5 and 1.8, optimal duration 6 to 8 hours
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Conclusion of this experimental identification work

* A mathematical model for CPT11 molecular PK-PD and its control
by the circadian clock has been designed and fitted to experimental
data on Caco?2 cells

e Optimal control stategy for a fixed cumulative dose: optimal

exposure starting around CT1.6 , during 6 to 8 hours, depending on
allowed toxicity

* Future work:
- CES, UGTI1A1 and ABC transporters circadian activities
(work 1n progress)
- Update optimal exposure schemes and validate them experimentally
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C Minimal whole body mathematical model 1in mice

» A whole body @

physiologically based
mathematical model for mice,
supplemented with basic cell

cycle model m

» Each organ contains the
tissue level mathematical
model built from the cell
culture study
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Summary and future work

« Optimisation of exposure on cell cultures

> Built the mathematical model at tissue level

» Detailed parameter estimation
» Validation of the mathematical model and of theoretically optimal
exposure scheme
» Optimisation of administration in mice
» Built a whole-body PK-PD model for mice

» Parameter estimation (starting from cell culture values): one set of
parameter for each one of 3 different mouse strains

» Validation of mathematical model and of theoretically optimal
administration schemes

 Future: optimisation of administration to patients
~ > Adaptation of the whole-body model.

» Parameter estimation : one set of parameter for each class of patients
(e.g. men, women) or patient

» Validation of theoretically optimal administration scheme
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Toward whole body physiologically based PK-PD
(“WBPBPKPD) modelling and model validation

Controlling cell proliferation for medicine in the clinic is a
since drugs act at the single cell and cell population levels, but their clinical effects

are measured at a single patient (=whole organism) and patient population levels

Drug detoxification enzymes, active efflux, etc.:
validation by biochemistry data collection and

2. Drug effects on cells and cell populations: averaged molecular effects on
, with validation by measures of

Drug effects at the organism level: WBPBPKPD modelling: :
with validation by : animal experiments, clinical trials

4. Interindividual variations ( ): discriminant and cluster
analyses on populations of patients ( to individualise therapies)

. Optimisation of treatments: methods, with validation by




