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Abstract.

Treating cancer patients with metastatic disease remaimndtianate challenge in clinical on-
cology. Because invasive cancer precludes or limits theotisargery, metastatic setting is often
associated with (poor) survival, rather than sustaineds&on, in patients with common can-
cers like lung, digestive or breast carcinomas. Mathemltodeling may help us better identify
non detectable metastatic status to in turn optimize treatrfor patients with metastatic disease.
In this paper we present a family of models for the metastaievth. They are based on four
principles : to be as simple as possible, involving the Ipastsible number of parameters, the
main informations are obtained from the primary tumor anchdp@ble to recover the variety of
phenomena observed by the clinicians. Several simulatibtierapeutic strategies are presented
illustrating possible applications of modeling to the win

Key words: modeling; metastases; anti-angiogenic therapy; metranonemotherapy
AMS subject classification:35F16, 92C50

1. Introduction

Classification of cancer as localized or metastatic diseasains the mainstay for determining
the best therapeutic strategy to be undertaken at bedsiteuyh simple, this classification may
underestimate the risk of undetectable, early metast@ges [17]. Many studies have been per-
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formed to identify prognostic biomarkers for evaluating tisk of metastatic relapse in patients
with apparently localized disease. We have developedr@ignathematical models designed to
evaluate the metastatic state of the patient. These maadlgling the efficacy of some anticancer-
ous drugs, are designed to help clinicians to define the besipeutic strategy.

Our approach consists in deriving a transport equationHfermetastatic colony distribution
ranged by some physiological traits denotedy R of the tumor growth, for exampl& = «
the size of the tumor ( = Volume, either expressed in numbeelié or mni, using the conversion
rule 1 mn¥ ~ 10° cells). We suppose that the primary tumor is generated biyggescell att = 0
and grows with the raté&'(¢, X') per time unit. The growing tumor emits metastatic cells whité
rate5(X). Each metastatic cell develops into a new tumor, which atewg at rate= (¢, X) and
emits new nuclei of metastasis just as the primary tumor.dbesp(¢, X') represent the colony
distribution structured by the traiX’ at time¢. The dynamics of the colony distribution is then
given by the following Mac-Kendrick Von Foerster equation:

%ﬂ(taX)eriV[G(t X) (t X)) = 0 XeQ >0
—G(t,0) - vp(t,o) o) { [, B(X)p(t, X)dX + B(X,(t)}, c€dQ, t>0 (1.1)
p(0,X) =0, X e

with X,,(t), representing evolution of the primary tumor in the tra@spsatisfies, (t) = G(t, X,(t))
andN is the distribution of metastases at birth. From the sotygiof this partial differential equa-
tion problem, various quantities of interest can be derived

Total number of metastases f

p(t, X)dX, Visible metastases% oo, (X)p(t, X)dX
Q

Q

Metastatic mass :/ xp(t, X)dX
Q

with z,;, being the threshold for metastases to be visible (typicalycells).

The first model in that direction was derived in [28] where thmor growth follows some
Gompertz law. The variabl& € R is the size of the tumor and for untreated tunir, X') =
aX In(#/X). The potentialities of this model have been widely discdssg2, 18, 45, 5]. The
section 2 is devoted to introduction of a chemotherapy ia ghevious model. We exhibit how
the model can give some hints on the choice of the number désyor a cytotoxic drug in
a post-surgery context (adjuvant chemotherapy). Becawst amticancer drugs are highly toxic,
tolerance is an issue because treatment has often to batiniced in patients with severe toxicities
(eg, hematologic). In addition to standard cytotoxic agexltdisplaying a poor efficacy/toxicity
balance, targeted therapies (eg, anti-angiogenic drugsasclonal antibodies or tyrosin kinase
inhibitors) have emerged as a new paradigm to treat patigtiisancer in a safer manner.

In the section 3. we explain how to integrate the action aé¢hdrugs within our approach. In
this model, developed in [7, 8, 9], the tumor growth rate idionensional and integrates dynamics
of the vascular capacity following the model of [26]. We fisstdy and compare effect of the
scheduling of anti-angiogenic drugs on both primary tumawgh and metastases. Then, we
propose a model to take into account the metastatic actelenghenomenon reported in [20]
after Sunitinib therapy.



Metronomic chemotherapy [38] - the chronic administrabbohemotherapy at relatively low,
minimally toxic doses on a frequent schedule of adminigtnatat close regular intervals, with
no prolonged drug-free breaks - have been recently devélmpeduce the toxic-risk in patients.
This novel approach is an alternative way for fragile patexs children and old patients [1, 6, 14,
43, 16, 32, 44, 22]. These therapies seem to exhibit an agtegenic effect on the tumor [31, 25]
and reveal to be more efficient than classical cytotoxicapies on large times. For such new
therapeutical strategies, modeling should be of great toefjive some prediction of the efficacy
of the treatment. In section 5., we propose a model for suetaphes. Numerical experiments
reinforce constations of the clinicians, that is long tinaéngof metronomic chemotherapy.

2. Adjuvant chemotherapy

2.1. Model

We assume here that the tumor growth follows some Gompevtwith parametet (proliferation
rate, related to the tumor doubling time, taken constardpan 1 (carrying capacity = maximum
tumor size). The chemotherapy treatment (CT) then acts edution of the growth speeda a

log-kill term, that is

G(t,z) =axln (g

Xz

) — Ot (2 — Tpin) T (2.1)

wheret — ((t) stands for the exposure of the cancer cells to the drug whkidivien by the
pharmacokinetics (PK)/pharmacodynamics (PD) modelgnglis the minimal size for the treat-
ment to be active (size of one cell). The PK model for Docdtexa three-compartmental model,
coming from [13]. We use the interface model from [36] as POdeloAll together, the equations
are

(1) = —keer (t) + ka(er () — ea(t)) — kag(er (t) — es(t)) + 22

Co(t) = kar(cr(t) — ea(t))
. 2.2
é5(1) = ksnlea(0) — () &2
C(t) = —ae BCOO) + ¢ (t)

The last equation is the interface model introduced in [8Gjhbdel the effect (exposure) of the
drug. It is intended to have more flexibility than just corsidg the area under the curve (which
is obtained by takingy; = 0) or an effect compartmengf = 0). The term/ stands for the drug
input and writes

=Y Dilycistir (2.3)

where{t;; i = 1,.., M} are the administration times of the drug);; i = 1, .., M} the admin-
istrated doses and the injection duration. The parameter values used for therKel can be
found in Table 1.

The density of metastasg§’, ) structured in size: of the tumor as in [28, 2] solves:



Parameter V k12 k13 ke kgl k31
Value 7.4 | 25.44| 30.24| 123.8| 36.24| 2.016
Unit L |day ! |day! |day! |day'|day!

Table 1: Parameter values of the PK model for Docetaxel [13].

O pit.) + LG 2ot )] =0, x € [1,6), 120 2.4)
g(D)p(1,1) = /1 B(x)p(z, t)dr + B(x,(t)), (2.4-b)
p(x,0) =0. (2.4-c)

where
1. Equation (2.4-b) relates the creation of metastases.

2. The number of cells;,(¢) in the primary tumor at time is the solution of the ordinary
differential equation the Cauchy problez, (t) = G(t,z,(t)), x,(0) = 1.

3. The colonization ratg(x) is choosen as:
B(x) = ma®, (2.5)

wherem is the colonization coefficient and is the fractal dimension of blood vessels in-
filtrating the tumor. The parameterexpresses how blood vessels geometrically distribute
in or on a tumor. If vasculature is superficial the fractal eéimsion« is assigned to be/3
because assuming that the tumor has the shape of a spheresithalt the surface area is
proportional to2/3. Otherwise, in the case of an homogeneously distributeciNaisire in

the whole tumorg is taken to be equal to.

Note that for each patient, we have to identify the parameteolved in the model. A calibration
of the model for non treated tumors has been done in [5] themksclinical study performed in
Institut Gustave Roussy between 1958 and 1972 (see [33]).

2.2. Some features on adjuvant chemotherapy

The following section illustrates how such a model couldphile oncologist to decide which
best strategy should be undertaken (eg, starting an adjthenapy), in the case of chemotherapy.
Consider some virtual patients with a breast cancer trediethg 6 cycles of 21 days with a
cocktail of Epirubicine (100mg) and Doxetaxel (75mg) asposed in [46]. We use meanvalues
of parameters for the drug as reported in [36], and represeintual patient by a set of parameters
(a,0,c,m). We fix the values ofi = 4.71 x 107*, § = 10'?, « = 2/3 and let the value ofn
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Patients m # Metastases Patients m # Metastases
n°1 1.7 x 1078 0 n°6 7.0 x 1078 0
n°2 1.9 x 1078 0 n°7 1.3 x 107" 1
n°3 2.7 x 1078 0 n°s 2.7 x 1077 2
n°4 5.0 x 1078 0 n°9 4.0 x 1077 3
n°h 6.1 x 1078 0 n°10 6.1 x 1077 5

Table 2: Metatstatic state of the patients, five years dfeend of the treatment suggested in [46]

vary fromm = 1.7 x 108 tom = 6.1 x 10~". Table 2 shows that the last four patients present a
highly metastatic risk five years after the end of the treatm/e suggest for the last four patients
to increase the number of cycles of therapy or to use optimabpol as described in the clinical
essay MODEL | [35]. Table 3 shows adaptation of the numbeyodlies of the treatment or the use
of an adapted therapy may reduce the metastatic risk foratiers.

Patients m Viens'’s protocol Optimized protocol
6 cycles| 9 cycles| 12 cycles| 9 cycles| 13 cycles| 18 cycles
126 days| 189 days| 252 days| 126 days| 182 days| 252 days

n°7 1.3 x 1077 1 0 * 0 * *
n°g 2.7 x 1077 2 1 0 2 0 *
n°9 4.0 x 1077 3 2 1 3 1 0
n°10 6.1 x 107 5 4 3 4 3 1

Table 3: Metastatic state of the patient§ — 10 for various protocols

Identification of the parameter. would thus be crucial in view of clinical application. Our
convinction is that the main information on metastatic aggiveness lies in the primary tumor (as
suggested in [17]) so that even if the patient is in a micraastatic state in an adjuvant setting we
can hope to identify this parameter from histological dabatthe primary tumor.

3. Anti-angiogenic therapy

Another class of treatment consists in targeting the tuhvasculature [21] since neo-angiogenesis
is a fundamental process in cancer evolution, consistingh#®tumor in developing its own vas-
cular network. This process ensures nutrient’s supply éaaimor and allows it to grow beyond
2-3 mm diameter. Anti-angiogenic (AA) therapies have eredron the early 2000’s as a new
class of anticancer agents with limited toxicities. They elassified as small molecules (eg, ty-
rosine kinase inhibitors) and monoclonal antibodies. Tibe of targeted therapies has generated
a great hope in clinical oncology. However, despite marka@devements in increasing response
rates, most of these new drugs failed in prolonging disé&sesurvival or overall survival in pa-



tients with cancer (see [24] for a synthesis of results of Adgd). Determining the best temporal
administration protocol for these agents is still a clihima@en question [40, 24].

3.1. Model

In order to take into account for the effect of anti-angiag€AA) therapy, we consider the model
of Hahnfeldt - Folkman [26] for vascular tumoral evolutievhich has been biologically validated
in [26] by comparison with mice data. It consists in taking fparameteé from the Gompertz
equation (2.1) as being related to the vasculature of thetamd dynamically evolving in time,
the dynamics resulting from the competition between endogs stimulation and inhibition from
the tumor in the following way

0(t) = ca — dz?0.

The two terms of this equation result from a ingenious ansigtthe diffusion of inhibitory and
stimulatory agents within the tumor which concludes to astant rate of production for stimulat-
ing molecules and a rate of production proportional to thiéase of the tumor for inhibitory ones,
thus explaining the term in?/3. Anti-angiogenic therapy is then modeled by adding a ldg-ki
term in this equation. Since we will consider situationshwitie combination of AA and CT, we
also add a log-kill term in the Gompertz equation on the tahevolution. The growth rate is now
two-dimensional and writes

B s [ @ In(¢) —Ct)(z — a:mm)
G(t, X) = G(t, ,0) = ( ST VA R ) (3.1)

whereC'(t) and A(t) stand respectively for the CT and AA drug effective concaigns resulting
from a PK/PD model and,,;,, = 0.,,.;, is the size of one cell, taken as minimal value for the drugs
to be active.

We assume that the metastases have:siaed vascular capacity (which has same unit than
x) bigger thant,,,;,, and less tham = (5)3/2 which is the maximal reachable size and vascular
capacity by a tumor following the Hahnfeldt-Folkman modelence they evolve in the square
Q =]Zmin, b[X]Tmin, b[. The metastatic density is structured by a two-dimensivaalX = (x,0)
and solves the problem (1.1), wighgiven by (3.1). Considering that all metastases are borm wit
Siz€ i, = 1 cell = 10°° mm? and vascular capacity, we take N (o) = 6, —(1,60), the Dirac
mass at pointl, 6,). We refer to [7, 8, 9] for mathematical and numerical analyxtlthe resulting
two-dimensional, measure-valued renewal equation.

Mice parameters We use the parameters values obtained in [26] from fits toafataice bearing
Lewis Lung carcinoma. The metastatic parameters are fixattanily. The values are given in the
Table 4.

Human parameters In the paper of lwata et al. [28] where the growth rate was a g,
parameters where identified from data on a hepatocellutainana. To determine realistic pa-
rameters for human situations, we fix values of the paraméterthe model of Hahnfeldt et al.
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a C d 0o m «
0.192| 5.85 0.00873 | 625 0.001 2/3
day ! | day! | day !mm~2 | mm?® || Nb of metaday - mm—3¢

Table 4: Values of the growth and metastatic parameters foe.nParameters, ¢ andd where
fitted on mice data in [26].

reproducing the gompertzian growth curve of lwata et akplkeg the carrying capacity from [28]

equal to(g)g/2 and fixing ¢, as being rescaled from the value of [26] by the ratio of the -max
imal reachable sizes from the two papers. We use the same f@la and adapt the value of
m to a size unit in mm: in [28] m = 5.3 - 10~¥(Number of metastasefell~*)-day ' gives

m = 5.3-107% - 10%.(Number of metastase@nm—3*).day!.

a C d 0 m «
0.0042 1 5.725110* | 2630.14 5.3.10* 2/3
day ! |day ! | day''mm=2 | mm’ | Nbofmetaday - mm3

Table 5: Values of the growth and metastatic parametersuioram.a, m anda are from [28].

3.2. Results : Primary Tumor VS Metastases

We recall here various simulations of AA monotherapy thatloa found in [8] and investigate the
difference in effectiveness of various drugs regardingh@rtpharmacokinetic/pharmacodynamic
parameters. The first result shown in Figure 1 takes the thuegs which were used in [26] where
only the effect on tumor growth was investigated, and sitesl#éhe effect on the metastases. The
three drugs are TNP-470, endostatin and angiostatin aiddeag is characterized by two param-
eters in the model : its efficaecyand its clearance ratér,. The first one appears in the second
component of the growth rate (see expression 3.1) and tlemdeme in the one-compartmental
pharmacokinetics model for the concentratift) :

N
A(t) =D e, (3.2)
i=1

where D is the administrated dose which is given as bolus at time§hese parameters were
retrieved in [26] by fitting the model to mice data. The admsiiration protocols are the same for
endostatin and angiostatinO( mg every day) but for TNP-470 the drug is administrated with a
dose 0f30 mg every two days.

We observe that TNP-470 seems to have the poorest efficatypbdumoral growth, vascular
capacity and total number of metastases, due to its largeaciee. As noticed in [26], the ratio
e/clr, should govern the efficacy of the drug and its valué).is3 for TNP-470 and0.39 for
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Figure 1: Effect of the three drugs from [26]. The treatmenadministrated from days 5 to 10.
Endostatin ¢ = 0.66, clry, = 1.7) 20 mg every day, TNP-47@: (= 1.3, c¢lr, = 10.1) 30 mg
every two days and Angiostatine & 0.15, clr4, = 0.38) 20 mg every day. A : tumor size. B :
Angiogenic capacity. C : Number of metastases.



both endostatin and angiostatin. The model we developedvsable to simulate efficacy of the
drugs on the metastatic evolution (figure 1.C). Intere$yinpe drug which seems to be more
efficient regarding to the tumor size at the end of the sinardatday 15), namely angiostatin, is
not the one which gives the best result on the metastasesednthe lower efficacy of endostatin
regarding to ultimate size is due to a relatively high claaegprovoking a quite fast rebound of the
angiogenic capacity once the treatment stops. But sinceither size was lower for longer time,
the metastatic evolution was better contained. This shbatgthe model could be a helpful tool for
the clinician since the response to a treatment can diféen the primary tumor to metastases, but
the clinician has no data about micro-metastases whichanrésible with imagery techniques.

In the figure 2, we investigate the influence of the AA dosedpeaterD) on tumoral, vascular
and metastatic evolution. We observe that the model is stargisince it exhibits a monotonous
response to variation of the dose.

Influence of the scheduling One of our main postulate in the treatment of cancer is thaafo
given drug, the effect can vary regarding to the temporaliagitnation protocol of the drug, due
to the combination of the pharmacokinetic of the drug andintrnsic dynamic of tumoral and
metastatic growth. To investigate the effect of varying aldeninistration schedule of the drug,
we simulated various administration protocols for the saing (endostatin). The results are
presented in figure 3. We gave the same dose and the same mofraldeninistrations of the drug
but either uniformly distributed during 10 days (endost&), concentrated in 5 days (endostatin
1) or in 2 days and a half (endostatin 3).

We observe that the tumor growth is better stabilized withifoum administration of the drug
(endostatin 2) but the number of metastases is better rddutethe intermediate protocol (endo-
statin 1). It is interesting to notice that again if we lookla¢ effects at the end of the simulation,
the results are different for the tumor size and for the miases. The two protocols endostatin 1
and endostatin 2 give the same size at the end, but not thersamizer of metastases. Moreover,
the best protocol regarding to minimization of the final nembf metastases (endostatin 1) is nei-
ther the one which provoked the largest regression of thetwiuring the treatment (endostatin 3)
nor the one with the most stable tumor dynamic (endostatin 2)

3.3. Metastatic acceleration

In a recent paper [20], Ebos et al. obtained surprising tesiter AA therapy with Sunitinib,
a tyrosine kinase inhibitor of VEGFR, a Vascular EndotHeBaowth Factor (VEGF) receptor.
The treatment could induce metastatic acceleration in,;arbéde substantially inhibiting primary
tumor growth. They used two different experimental proted¢o evidence this phenomenon, on
mice : by intravenous injection of cancerous cells or by abic implantation of a tumor in the
mammary fat pad and then removal of the primary tumor. In bates, they obtained acceleration
of the metastatic mass in groups treated by the AA drug, coedgda an untreated group. However,
on the primary tumor, the effect of the treatment was berafiels shown in Figure 4A of [20].
Moreover, sustained therapy at 60 mg/kg/day exhibitecebgitimary tumor slowdown than a
temporal protocol of 120 mg/kg/day during 7 days, startivegday after tumor implantation. These
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results were corroborated by another paper by Paez-Rilzs[8¥] in the very same issue of the
journal.

3.3.1. Model

In this subsection, we modify our model in order to quaeity reproduce these results, in a first
attempt to have a theoretical tool aiming at controllingstharadoxical metastatic acceleration
effect. In [20], the authors propose as possible explandtothe phenomenon an upregulation
of proangiogenic factors. To integrate this feature in tloglet, we propose to modify the angio-
genesis stimulation parametef the tumoral growth model of Hahnfeldt - Folkman, only for
the growth of metastases, by making it dependent of the A4 dancentrationA(t), with an
increased value,; > ¢ when the AA concentration is above a threshdld:

e i A(t) > A,
C(A(t)):{ ¢ ifA(l) < A,

See Figure 4 for an illustration.

SNV

25
Time

A)

CAW)

25
Time

Figure 4. lllustration of activation of the boost effect.

Our model is thus designed to take into account for the plesstwinter-attack of tumor cells
towards AA therapy, as suggested by [20] and shown in [15dleéal, in this last paper the au-
thors demonstrate an increase of VEGF tumoral expressten ediotinib therapy in ain vitro

experiment.
The equation for the dynamics of the vasculature of the rteetas during the therapy becomes
fl—f = c(A(t))z — dz?30 — eA(t)(6 — Opin)t = Golt, z,6). (3.3)

and we see that the effect of the treatment is balanced betthee"boost” effect and the natural
anti-angiogenic effect of the drug.

12



We justify the fact that this angiogenic boost effect onlgurs on the metastases and not on
the primary tumor in view of the following arguments :

1. The primary tumor is big and relatively stable concerrangiogenic dynamics, having al-
ready established a vascular network and thus it is lesgea@garding to this process. On
the contrary, metastases are small and fully active, pga¢bnough the angiogenic switch.
Hence they are more reactive to an external stress. We ceuhddoe accurate by making
¢y depend on the size of the tumor. In first approximation thoughdon’t do so.

2. Metastases are known to be genetically more aggressitbealetaching cells which give
rise to a malignant secondary tumor must have survived towsiadverse events (intrava-
sation into blood vessels, extravasation, settling in a eewronment...). Thus they could
have a stronger reactive phenotype towards AA therapy.

In absence of pharmacokinetics data for the Sunitinib, wipa the simulations in the case of
a one-compartmental PK model (equation (3.2)), with cleeeaequal to 1.7 (endostatin in [26]).

3.3.2. Simulations

Metastatic acceleration To perform the simulations, we use the tumoral growth pataraef
Table 4. For the other parameters, we use

2
e=02, cra=17<cy=>50, m=0001, o= 3 (z0,60) = (107°,107°).  (3.4)

Of course, to obtain metastatic acceleration, we have tgidensmall value of the threshold
A, which can be approximated by taking = 0 (immediate boost effect). In the Figure 5
are presented simulation results in this situation, whighlitatively reproduce the results of Fig-
ure 2A from [20]. We simulated the model without therapy, hnmitial primary tumor values
(z0,p,00,) = (1,107°), virtually performed resection of the primary tumor on day5L(which
consists in removing the source term in the PDE for the matiastensity) and then administrated
the AA drug starting day 15, during 6 days. The temporal adstretion protocol that we used
for the drug is 20mg/day. This result shows that for the patemvalues (3.4), the model is able
to reproduce metastatic acceleration, the balance bettheanti-angiogenic effect and the boost
effect in equation (3.3) being in favor of the second one.

In Figure 6, we reproducei silico the situation of Figure 4A from [20] by not performing
resection of the primary tumor and testing two different pemal protocols for the AA drug on
primary tumor evolution : protocol 1 consists in giving theigl at 20mg/day during 7 days and
protocol 2 administrates half of the dose, 10mg/day, buhduwa larger time, from day 13 (which is
the time for which the tumor reaches 200rimthe model) until the end. We also usdd = 0 in
this simulation. We observe good qualitative agreementéen Figure 6.A, showing the primary
tumor growth, and the Figure 4A from [20]. Indeed, since thienpry tumor is not subjected
to the boost effect in the model, the AA drug induces inhamtof the growth. We also retrieve
the fact that better results are obtained with sustaine@plygprotocol 2), on the primary tumor.
In Figures 6.B, C and D we show some metastatic quantitispectively the total number of
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metastases, the metastatic mass and the number of visitidestases (size exceeding®1¢ells

= 100 mn¥) . The following fact is interesting to notice : for both poobl, the total number of
metastases is reduced compared to the situation withatrtest; however, for the metastatic mass
and the visible metastases, the effect depends on the ptoWhile protocol 1 induces increased
metastatic mass and number of visible metastases, pra?okak a positive effect, being even
able to avoid apparition of visible metastases wherea®pobfl provokes the presence of almost
two visible metastases at the end of the simulation. It widdnteresting to compare these
silico predictions to the metastatic data corresponding to Figd&ré&om [20] (unfortunately not
available in the paper).

We could imagine that the threshold valde is a parameter which depends on the AA drug
considered, or on the patient. Identification of its valueillddhen be of fundamental importance
since metastatic acceleration can occur or not dependirtgiswalue, as illustrated in Figure 7
where we performed the same numerical experiment as iné&lbut withA, = 20, and observe
reduction of the total number of metastases and of the na¢i@shass, that is, the opposite of

Figure 5.

Influence of the scheduling In the Figure 8 we compare two protocols regarding to the shatia
acceleration phenomenon. Protocol 1 consists in givinglthg every day at dose 20 mg and Pro-
tocol 2 administrates the double dose every two days, eaelbeimg administrated from day 15

to 42 and withA, = 7.
The two protocols have different implications : protocoiiplies metastatic acceleration while

protocol 2 results in deceleration of metastatic growth.eSéhresults are to be compared with

the Figure 5 from the publication [19] concerning primargntur evolution, where the equivalent
protocols give the opposite qualitative results, namelgtéel effect of protocol 1. Of course, what

we observe here in the metastatic acceleration contextseng equation (3.3) for the vascular
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dynamics of the metastases) is totally related to the PKeofithig. In comparing two schedulings,
the one resulting in larger boost effect will be the one forchitthe total time abovél, in the drug

concentration time profile will be the largest (see Figure 4)
Again, the result depends on the value of the paraméteias shown in Figure 9 where we

performed the same simulation with = 20 and obtained the opposite result : protocol 1 is better
than protocol 2.
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Figure 9: Influence of the schedulingl, = 20. Protocol 1 : 20 mg/day. Protocol 2 : 40 mg/2
days. A. Total number of metastases. B. Metastatic mass.

It would be interesting to perform biological experimemsdentify the values of the threshold
A, and of the overexpression of VEGH;. In particular they should probably depend on the drug
under consideration. Estimating inter-individual varidp of these parameters could reveal very
helpful for designing better temporal administration puatls for AA agents.

4. Cytotoxic and anti-angiogenic drugs combination

Due to their poor anti-tumor efficacy, AA drugs are neithemaudstered alone but rather in com-
bination with classical chemotherapies. An important pFobin clinical oncology is to determine
how to combine a cytotoxic drug that kills the proliferataadls and an anti-angiogenic drug which
acts on the angiogenic process. For instance, in [41], ttieoesiobtained different response rates
and overall survival depending on the scheduling of a CT amseg of carboplatin and paclitaxel
and erlotinib (tyrosin kinase inhibitor), in the case of remall-cell lung cancer. Two questions are
still open : which drug should come before the other and thieaitws the best temporal repartition
for each drug? Here, we perform a briefsilico study of the first question.

The treatments impact by reducing the tumoral growth raddowing the log-kill assumption
for chemotherapy which says that cytotoxic drugs kill a ¢ansfraction of the tumoral cells (and
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not a constant number of them), the growth rate has the follpexpression

axIn fO) (@ — zmin) ™
G(t,x,0) = < ng2>/3 A)(0 = Opin) ™ )

and we will use the parameters from Table 5, exeept 1.

We place ourselves in the human case and consider comMrwdtietoposide,

Considering a clinical setting, we evaluate the combimabetween Etoposide, which is a
CT agent used in wide variety of cancers (lung, testicle eemydymphoma, leukemia...) and
Bevacizumab (monoclonal antibody targeting Vascular Emel@l Growth Factor, used mainly in
colorectal and breast cancers). Several recent cliniidsd tnhave been evaluating the combination
of both drugs in lung cancers and glioblastoma, with mixelts [42, 39, 30, 23]. The PK model
and parameters for the CT drug are from [3] and for Bevacizufram [34]. Both publications
show that the PK of the two drugs can be described by a two-aamental model :

dc;t(t = —kglcg(t) + /{:1201(25).

=

{ dcét(t) = —/{:1201(25) + k?glcg(t) + L‘;)

and thenA(t), C(t) = co(t) (for the respective parameters). The dose injecfi@n can be ex-
pressed as in (2.3) with injection durations and 4 and respective administration doses. The
parameter values can be found in Tables 6 and 7. We take agemoriritial condition the traits

Parameter V; Vs k1o koo k1o kay TA e
Value 2.66| 2.66| 0.0779, O 0.223| 0.215| 90 0.01
Unit L L | day! |day ! |day!|day!|min|L-mg"! day!

Table 6: Parameter values for the PK model for Bevacizumadbpakameters exceptare from
[34].

Parameter V; | V5 k1o koo k1o kop TC f
Value 25115] 1.6 9.36 0.4 0 24 25
Unit L | L |day'!|day'!|day'!|day'| h |L-g ! day"

Table 7. Parameter values for the PK model for Etoposidep&iameters excepgtare from [3].

(20, 60p) = (17112, 44849) corresponding to the values reached by the primary tumer 4600
days when starting with one cell and the parameters fromeTaj@gxceptn = 1. We also take the
corresponding value gf(1000) asp®.

In the Figure 10 we compare each monotherapy case to the sechbbeatment with the two
drugs. The administration protocol for Bevacizumab is Skgff weeks [34] (with a virtual patient
of 70 kg) and the Etoposide one is 0.5 g/at day 1 of the cycle [3] (virtual patient with a Body
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Surface Area of 1.75 f). We observe that, with the efficacy parametand f that we chose, the
effect of the AA drug is to stabilize tumoral growth as weltlas number of visible metastases. The
CT has an important reduction effect and combination of lthetter than the two monotherapy
cases since it allows to reduce the tumor burden and theiiztabto a low level.

We investigate now the effect of changing the order of adstiation of the two drugs. In the
Figure 11 we simulated two situations with one administratf each drug : either Bevacizumab
at day 0 and Etoposide at day 8 or the opposite.
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Figure 11: Administer the CT before or after the AA? A : Prismaurmor size. B : Visible metas-
tases. C : Angiogenic capacity. D : Total number of metastase

An interesting fact to observe is that the best way of conmigifioth regarding to the tumor
size, namely AA first and then CT is not the best for the totahbar of metastases, which rather
suggests that the best is the CT first and then the AA. Althdbghdifference between both is
very low we still have qualitatively different answers fairpary tumor size and metastases, for
the problem of the order of administration.
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5. Metronomic chemotherapy

During the last decade, a novel therapeutic approach aaktbnomic chemotheragglso named
low dose anti-angiogenic therapy [12]) appeared. VariduasE | studies have been performed
[1, 6, 14, 43, 16, 32, 44] using this new way of administratgiptoxic agents which consists in
giving the drug at low dose but as continuously as possiblereas standard protocols admin-
istrate drugs at their respective MTD (maximal toleratede®) as frequently as possible, with
respect to the patient's hematological tolerance and theagement of the drug-induced side ef-
fects. Indeed, this scheduling of the drug is believed teehzetter efficacy, one argument being
that it would generate less resistances in the cancerolsspmgulation in some circumstances.
However, metronomic schedules are now thought to be patgnthore efficient while reducing
the toxicities according to the paradigm that this low diised dense scheduling of the drug would
have important anti-angiogenic effect [31, 25]. Indee@, éndothelial cells which are proliferat-
ing during tumoral neo-angiogenesis are also targeted éy\ttotoxic agent, while developping
less resistances as they are genetically more stable thiggnara cells. Moreover, thdynamical
effect of metronomic schedules would be higher than the éM&Td protocols, for large times.
In this context, determining what is the best metronomiedcifing for chemotherapeutic agents
remains a major issue.

In this section, we use the Hahnfeldt - Folkman model to gigeghts on this topic, and observe
the effect of metronomic schedules on the metastases pgmpulds expressed above, one of the
main ingredients explaining the benefit of metronomic sakesicompared to MTD ones are the
resistances, which we shall thus introduce in the model. &eepourselves in the context of
breast cancer and will first consider a monotherapy sitoatith Docetaxel as the CT drug, and
then combination of Docetaxel with Bevacizumab.

5.1. Model

The main assumptions underlying our modeling of the metm@o@aradigm are the following :
1. The CT has an anti-angiogenic effect by killing prolitera endothelial cells.
2. Cancerous cells develop resistances to the CT whereathetidl cells don't.

3. The killing action of the drug is stronger on the endotdelompartment than on the tumoral
one (endothelial cells are more fragile).

We start from the Hahnfeldt - Folkman, in which we integratg-angiogenic effect of a chemother-
apy (assumption 1). We consider that the CT drug acts in bothpartment : on the tumoral
compartment: (classical cytotoxic effect) and on the vasculatéif@nti-angiogenic effect due to
the killing of proliferative endothelial cells). The exgmeon of the growth raté' is

([ arln g — C1(t)(z — Tpin) T
G(t, X) = ( cr — c<la:2/3€ — (eA(t) + Ca(t))(0 = Oppin) ™ ) 61
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where(C; and C;, are the exposures of the CT drug respectively on the tumetts and on the
vascular compartment. They are defined from the outfjut of the PK model for Docetaxel (2.2),
expressed in md.~!. We take into account for the resistances (assumption 23$ynaing that for
each time, each cell has probabilit® C'(¢) to become resistant. The probability of being resistant
at timet is then exponentially distributed and we set

Ci(t) = are B OO C(t) Co(t) = anC(t).

We transpose assumption 3 by takimg> «;. The parameter values are gathered in Tables 1 for
the PK model and 8 for the PD one. For the metastatic evolut®mise the model (1.1) wit¥

Parameterl «r Or o oy R T
Value 0.75 25 0.5 5 5 60
Unit day ! |L'mg! | L-mgtlday! | L-mg'day’|L-mg'day! | min

Table 8: Parameter values for the PD model for Docetaxeluééal; and 5; come from [36].
Parameters, a, and R were fixed arbitrarily.

being given by (5.1). The tumoral growth and metastatic patars used in the simulations are
those in Table 5 coming from [28] where they were fitted to ddta hepatocellular carcinoma.
We take as non-zero initial condition the traits ,,, 6y ,) = (902.28,15401) corresponding to the
values reached by the primary tumor after 600 days whenrgjaxith one cell and the parameters
from Table 5. We also take the corresponding valug(660) as initial metastatic density’.

5.2. Simulation results

Metronomic Docetaxel In the publication [6], for pediatric brain cancers, theheurs compared
a classical and a metronomic protocol. During 49-days thecsicles, the classical protocol deliv-
ers 200 mg/rhof Temozolomide per day during the first 5 days whereas theomeic protocol
gives 85 mg/rmper day during 42 days followed by a 7-day rest period. Tha tohounts of drug
delivered during a cycle are respectively 1000 nigamd 3570 mg/rh the second one being thus
able to give more than 3.5 fold the total dose of the first one Wigh now to mimic this situation
in the case of breast cancer with Docetaxel as CT and comipate/o following schedules, based
on a 21-day long therapy cycle :

1. MTD schedule : 100 mg at day 0, as considered in [36].
2. Metronomic schedule : 10 mg/day every day, without rgspieriod.

The total dose administrated during one cycle are resmgth®0 mg and 210 mg. The simulation
results for the tumoral evolution and the metastases asepted in Figure 12.

We observe in Figure 12 that, at the beginning, the MTD scleethduces better tumoral
reduction than the metronomic one, which exhibits only tediregression and even regrowth of
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the tumor. This could be misleading in practical situatismgee one could decide to stop the
therapy when observing the regrowth. However, due to @asists the MTD schedule gets worse
and eventually doesn’t contain regrowth of the primary tun@n the opposite, over long periods
the metronomic schedule gives better results, being aldgdocome the resistance phenomenon,
and eventually leading to stable tumoral reduction, whidhgersists for times bigger than 220
days (simulation not shown). The explanation of this fact loa understood by looking at Figure
12.B representing the effect of the drug on the vascularagp&Vhile the MTD schedule does not
provoke overall decrease of the vascular capacity on lamge<cale, the metronomic one ensures
deeper and more stable effect on the vasculature, whichiealgnexplains the large time tumor
decrease. Hence, the overall superiority of the metron@thedule is explained in the model
by the anti-angiogenic action of the drug. The MTD scheduesdalso exhibit anti-angiogenic
effect but, combined with the intrinsic dynamic of the vdatwre, it is not asymptotically efficient
because the large rest period lets time for the vasculaduexbver. The metronomic schedule on
the opposite does not let time for vascular recovery andesamdothelial cells are not subjected
to resistances to the drug, is more efficient on large timksca

Concerning metastases, we observe the same behavior abé@stove on the number of vis-
ible metastases (Figure 12.D). While the untreated cuia@sléo apparition of one visible metas-
tasis at the end of the simulation, both protocols don't. BBetMTD schedule asymptotically has
growing number of visible tumors whereas the metronomicierable to decrease it and keep it
under control. On the total number of metastases, the MTBddR is slightly better but we can
suspect that for larger times both curves will cross sinceg@ling to Figure 12.A, all tumors will
eventually decrease, thus leading to less emission of retastases.

If the dose used in the metronomic schedule is too low, thénnbt efficient, as shown in
Figure 13 where the same metronomic schedule is simulatédsing a dose of 8 mg/day.

x10*

35

Primary tumor size (m

Primary tumor vascular capacity (mm3)

L L L L L L L L
0 50 100 150 200 250 0 50 100 150 200 250

Days A Days B

Figure 13: Metronomic schedule for Docetaxel with dose 8dag/ A. Tumor size. B. Vascular
capacity
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This result suggests that there is an optimal dose to usedtyonomic schedules, and a mathe-
matical model can be helpful in determining this optimune(g] for an optimal control problem
for the scheduling). Integrating the toxicity issue in thedal should help to further optimize the
optimization of metronomic scheduling.

Metronomic Docetaxel + Bevacizumab We perform now the same comparison between the
metronomic schedule and the classical one, but we add aatiBevacizumab. The scheduling
that we use for this last drug comes from [34] and is 7.5 mgllayyethree weeks (Bevacizumab
has a large half-life). We consider a virtual patient of 70 Kge simulation results are plotted in
Figure 14.
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We observe that the two scheduling efficiently reduce theotusize and control explosion
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of the total number of metastases and of the visible ones. elfomk at evolution during the
whole simulation, the classical schedule is better thamtagonomic one. Indeed, as shown in
Figure 14.B when comparing it with Figure 12.B, additiontod tAA drug ensures large reduction
of the vasculature leading to tumor suffocation. This haygpedependently from the temporal
administration protocol of the CT drug. Our model suggdsis ho benefit of the metronomic
schedule on the classical one in the case of combinatioagiierith AA drugs.

6. Conclusion

One of the main issue in cancer therapy is to evaluate thestaétarisk of the patient. Deter-
mining the best regimen and the optimal dosing schedulellisstunsolved question in various
clinical settings. Oncogenetics, pharmacogenomics aadmicogenetics are new tools increas-
ingly used that are dedicated to provide biomarkers fotrmeat efficacy and tolerance. Similarly,
mathematical modeling could help and give valuable infdrometo the physician to optimize treat-
ments. The models that we presented in this paper can gwemations on the (micro)metastatic
state of the patient and the impact of therapy on its evaiufitney deliberately involve a few num-
ber of parameters in view of clinical applications. We ithased through numerical simulations
how our models could be used to give insights on concretealirssues.

The models are flexible enough to integrate action of the tammhemical therapies available
to clinicians : cyototoxic and anti-angiogenic. We wereeatbl qualitatively reproduce experimen-
tal observations such as metastatic acceleration afteh&rapy and to test biological hypotheses
susceptible to provide rationale for the use of metronormi®dules in chemotherapy. The mod-
els were then used to run predictivesilico tests which have now to be confronted to biological
data. We are currently performing mice experiments to edidhe model in the ANR project
MEMOREX-PK.

All along the study, we tried to use as much as possible pasmalues coming from biolog-
ical data available in the literature. However, all parameivere not available, in particular for
metastatic emission and efficacy of the drugs. A possibletav@gtimate these last ones is to use
results of clinical studies giving various evolution pertages of the disease (Complete Remission,
Partial Remission, Stable Disease, Progressive Disedbe)parameters can be calibrated using
statistical methods to reproduce these results, as dorexéonple in [5]. About the metastatic
emission parameters m angdwe are currently working on methods to identify them frontedan
the primary tumor.

We are aware that, since our ultimate goal is to provide #feaesults in the clinic, it is
mandatory to take into account for the toxicities inducedh®yconsidered therapies (hematolog-
ical toxicities, mucositis, cutaneous rushes,...). Msdkdaling with these issues like [35, 4, 27]
could be integrated in future versions. Furthermore, imtloelel we presented for combination of
CT and AA therapies no nonlinear interactions between thgglare taken into account. But since
delivery of the CT depends on the amount of blood vesselfiregthe tumor, a negative effect of
AA therapy on the CT could be expected. On the opposite, ariabration” effect [29] could also
temporarily happen following administration of AA agertts)s improving CT transportation. We
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are currently working on a refinement of the Hahnfeldt - Faddknmodel which deals with these
features (See [11]).

The actual therapies are still experiencing various probleThis work shows that mathemati-
cal modeling could help to provide new leads to overcomedifieres faced up to now.
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