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Modeling and Predicting Optimal Treatment Scheduling
Between the Antiangiogenic Drug Sunitinib and
Irinotecan in Preclinical Settings
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We present a system of nonlinear ordinary differential equations used to quantify the complex dynamics of the interactions
between tumor growth, vasculature generation, and antiangiogenic treatment. The primary dataset consists of longitudinal
tumor size measurements (1,371 total observations) in 105 colorectal tumor-bearing mice. Mice received single or
combination administration of sunitinib, an antiangiogenic agent, and/or irinotecan, a cytotoxic agent. Depending on the
dataset, parameter estimation was performed either using a mixed-effect approach or by nonlinear least squares. Through a
log-likelihood ratio test, we conclude that there is a potential synergistic interaction between sunitinib when administered in
combination with irinotecan in preclinical settings. Model simulations were then compared to data from a follow-up preclinical
experiment. We conclude that the model has predictive value in identifying the therapeutic window in which the timing
between the administrations of these two drugs is most effective.
CPT Pharmacometrics Syst. Pharmacol. (2015) 4, 720–727; doi:10.1002/psp4.12045; published online 11 December 2015.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? � The therapeutic combination of antiangiogenic drugs with
chemotherapies is used to treat patients with colorectal cancer. The action of the antiangiogenic drug leads to a modifi-
cation of the properties of the intratumoral vascular network. Some studies have shown that antiangiogenic drugs can
induce a normalization of the intratumoral vasculature followed by a reduction of blood flow. Since chemotherapy, which
has a direct cytotoxic effect on tumor cells, reaches cancer cells by the blood vessel network, an interaction, favorable or
unfavorable, between these two drugs is possible. • WHAT QUESTION DID THIS STUDY ADDRESS? � The objective
was to quantify the dynamics of this interaction by using mathematical modeling in order to identify the best protocols of
administration of an antiangiogenic drug, sunitinib, combined with a chemotherapy, irinotecan. • WHAT THIS STUDY
ADDS TO OUR KNOWLEDGE � In the preclinical conditions we explored, there is a weak synergistic interaction
between these drugs and, given a specific combination protocol, an optimal timing for the administration of irinotecan
during sunitinib treatment. • HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY AND THERAPEUTICS � The
model will be up-scaled to human in order to suggest new delivery protocols of this combination for improving the treat-
ment of colorectal cancer patients.

The seminal work of Folkman describes the “angiogenic

switch” that details how the growth of a tumor greatly

depends on its ability to induce a vascular network capable

of sustaining its growth.1 Without initiating angiogenesis,

tumors are destined to remain dormant at a diameter of

1–3 mm. Work in this area has progressed through the iden-

tification of vascular endothelial growth factor (VEGF) as a

key factor in tumor growth and angiogenesis. This signaling

protein promotes endothelial cell proliferation and migration

and is overproduced by many types of cancer cells.2

A number of therapies designed to target angiogenesis
have been developed. Bevacizumab, an antibody targeting
the VEGF receptor, is approved for use in the treatment
of different types of cancers.3 Multitarget tyrosine kinase

inhibitors (TKIs) such as sunitinib4 and sorafenib5 are

also potent antiangiogenic agents. While the potential ben-

efits of targeting the angiogenesis process are apparent,

the effects of combining such treatments with chemo-

therapeutic agents have yielded mixed results. For

instance, in separate studies both Allegra et al. and

Kindler et al. saw no significant improvement in disease-

free survival or progression-free survival when bevacizu-

mab was administered alone or in conjunction with

chemotherapy in colon and pancreatic advanced cancer.6,7

Some multitargeted TKIs, such as sunitinib, have been

shown to be effective both as monotherapy and when

used in conjunction with chemotherapy, but only in some

solid tumors.8
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The dynamics associated with treating cancer with anti-
angiogenic drugs are complex, in particular because of
their potential to modify the properties of tumor vasculature.
Some studies have reported a drug-induced vascular nor-
malization within the tumor, leading to more effective drug
delivery.9,10 As an example, bevacizumab has been shown
to increase the penetration of topotecan into a tumor by
81%.11 On the other hand, these treatments also have the
potential to destroy vasculature to the point of rendering
the vasculature incapable of drug delivery.8 These two
phenomena, vasculature normalization and vasculature
destruction, occur simultaneously. Thus far, scientific investi-
gations have been insufficient to uncover the underlying
mechanics of such complex phenomena. This motivates a
model-based approach designed to understand the dynamic
interactions between tumor progression, antiangiogenic
drugs, and chemotherapeutic drugs. Using such an approach
enables one to propose evidence-based combined therapeu-
tic treatments designed to optimize the effectiveness of such
treatments.

A number of mathematical models employing a number
of different techniques have been developed that describe
tumor growth with a theoretical antiangiogenic treat-
ment.12–17 Extensive work has been done in modeling
tumor growth and treatment with a chemotherapeutic agent
(see reviews18,19). Of particular relevance to this work,
Simeoni et al.20 present a model of tumor growth and treat-
ment with the cytotoxic agent irinotecan. This work was fol-
lowed by work in which synergistic interactions between the
antiangiogenic agent bevacizumab and a number of chemo-
therapeutic compounds were evaluated using the Simeoni
model.21

In the current work, we focus on the dynamics of tumor
growth of HT-29 colorectal cancer (CRC) cells when two
types of treatment are administered: the cytotoxic agent, iri-
notecan, and an antiangiogenic agent, sunitinib. This drug
combination is of particular interest for a number of rea-
sons: sunitinib failed a phase II clinical trial for the treat-
ment of CRC,22 thus leading to a stoppage in further
clinical investigation of the drug in this indication. However,
one can speculate that knowing how to optimally combine
sunitinib with a chemotherapeutic agent could result in a
synergistic effect caused by a proactive modification of the
tumor vasculature enhancing chemotherapy accessibility
within the tumor.

Our aim was to look closely to the preclinical properties
of the antiangiogenic drug sunitinib to evaluate if optimally
designed combination with a chemotherapy agent could
result in a significant synergistic effect.

Given the common use of irinotecan in CRC (part of the
FOLFIRI regimen) and given that irinotecan efficacy in xen-
ografted mice has also been extensively modeled (see ref.
20 as an example), we selected this drug as a potential
combination partner for sunitinib in CRC.

In patients eligible for sunitinib treatment (for example, in
renal cell carcinoma), sunitinib is given orally on a daily
basis. In the FOLFIRI regimen, irinotecan is given with slow
intravenous infusion, one at a time, per chemotherapy
cycle. Given these practical considerations, the question we
addressed is the following: Is there an optimal time to

deliver a single dose of irinotecan during a 12-day adminis-
tration of sunitinib?

METHODS
Overview
We first performed in vitro experiments to investigate the
cytotoxic effects of sunitinib on HT-29 cells. The same HT-
29 cells have been successively implanted in nude mice
and interstitial fluid pressure—a marker of vasculature nor-
malization10—has been measured (see Supplementary
Materials). We developed a model that consists of a sys-
tem of nonlinear ordinary differential equations (ODEs) and
describe tumor growth and angiogenesis. We analyzed a
dataset consisting of longitudinal tumor size measurements
(1,371 total observations) in 105 colorectal tumor-bearing
mice. Mice received single or combination administration of
sunitinib and/or irinotecan. In the combination groups, suni-
tinib was given once daily for 12 days, with a single dose of
irinotecan at day 2 or day 15. Sunitinib is modeled as act-
ing by reducing the carrying capacity of the tumor, while iri-
notecan directly reduces the size of the tumor. Model
parameters are estimated using a population approach
using a stochastic approximation of the expectation-
maximization algorithm (SAEM) using a simple least squares
approach. We then evaluate the hypothesis that sunitinib
and irinotecan interact synergistically when administered
together. Finally, the model is used to predict the optimal
timing of combined irinotecan and sunitinib treatment. The
predictive ability of this model is validated with data from a
follow-up experimental study. In the following sections we
describe our methods in greater detail.

In vivo experiment
Experimental subjects were athymic male mice, 5–6 weeks
of age, weighing about 20 g each. Mice were maintained in
cages with filter paper covers, sterilized food and bedding,
and acidified water. All animal experiments were conducted
in accordance with the Guide for the Care and Use of Lab-
oratory Animals (NIH publication #85-23, revised 1985). HT-
29 human colorectal adenocarcinoma cells were grown in
advance, trypsinized, counted, washed, and resuspended
in serum for subcutaneous injection into the flank of mice.
The injection condition was 3.0 3 106 cells in 200 lL. After
injection, tumor measurements were made in each mouse
once every 2–3 days for up to 9 weeks (Figure 1). Data
collection consisted of three orthogonal tumor diameter
measurements: length: l, width: w, and height: h, made
using a slide caliper.

Drug treatments
Treated animals were administered one or both of two ther-
apeutic agents: irinotecan administered at 90 mg/kg 5-
minute intravenous infusion or sunitinib administered at
40 mg/kg oral gavage. Two experiments were conducted for
the purpose of model building. The first experiment was
designed to determine the effectiveness of sunitinib mono-
therapy (see Supplemental Table S1 for experimental pro-
tocol). This experiment included two arms: control and
sunitinib treated (Figure 1). For the treatment arm of this
experiment, sunitinib was administered once daily for 12
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days. A second experiment was conducted to investigate
the effects of combined therapy with sunitinib and irinote-
can on tumor growth (see Supplemental Table S2 for
experimental protocol). There are five arms to this experi-
ment: control, sunitinib monotherapy, irinotecan monother-
apy, and two arms in which a combination of the two drugs
was administered. In the combination groups, sunitinib was
given once daily for 12 days, with a single dose of irinote-
can at day 2 or day 15.

One experiment was conducted for the purpose of model
evaluation. Here, sunitinib was administered for 12 consec-
utive days, during which there was a single administration
of irinotecan on the 0th, 3rd, 6th, 9th, or 12th day of suniti-
nib treatment. The detailed protocol for this experiment is
given in Supplemental Table S4.

Modeling of tumor size
Following the logic presented previously,16 we chose to
model the mean of the three tumor diameter measure-
ments. The use of mean tumor diameter is motivated by
the fact that we intend that this model be used as the basis
for a translational model, moving from the preclinical to the
clinical setting. Because RECIST classifications of solid
tumors in humans refer to linear tumor dimensions, we also
use linear tumor dimensions here. Differing from the
previous study,16 however, we have chosen to consider the
geometric mean of the length, width, and height measure-
ments, l � w � hð Þ

1 3=
, as opposed to their arithmetic mean,

l1w1h
3 . This is motivated by the fact that the geometric

mean incorporates information about the “height” of the
tumor (the distance the tumor extends in the direction per-
pendicular to the body of the mouse) but also normalizes
for the fact that this measurement typically lies in a different
numerical range than those of the length and width of the
tumor.

Parameter estimation
The SAEM (Stochastic Approximation of the Expectation
Maximization) algorithm was developed as an approach to
solve the expectation maximization (EM) problem. Given a
mathematical model, the goal is to determine the parameter

values that maximize the corresponding likelihood function.

When appropriate, we use a na€ıve pooled mixed-effect

approach. We utilize the SAEM algorithm implemented

within the Monolix (Lixoft) software to estimate both popula-

tion and individual parameters.
When the data were not amenable to mixed-effect

parameter estimation techniques, we used standard least

squares regression with the median tumor size data to

estimate typical parameter values. To obtain least squares

parameter estimations, ordinary differential equation solvers

were coupled with minimization algorithms from the stand-

ard library of MatLab (MathWorks, Natick, MA).

Model structure, selection, and evaluation
A number of model structures were considered. This

included a number of tumor growth models such as expo-

nential, linear, logistic, and Gompertzian growth. The cur-

rent model is a modification of the classic model of

Hahnfeldt et al.,14 which includes tumor growth that is

determined by a rate-limiting carrying capacity.
Model selection was done using a number of model eval-

uation criteria (Bayesian Information Criteria, Visual Predic-

tive Check, likelihood values, standard errors on the

parameters). The Bayesian Information Criteria (BIC) was

used to compare and select between non-nested models.

Candidate models resulting in lower BIC were selected

over those with higher BIC. For a comparison between

nested models, the log-likelihood ratio test was used to

compare whether the likelihoods of two candidate models

differ significantly from one another. After model selection

was completed, the predictive value of the model was eval-

uated by comparing model simulations to a validation

dataset.

RESULTS
Model of vascular tumor growth with sunitinib

treatment
As an outcome of the same experiment, we report in Fig-

ure 1 the time course of tumor size—measured as the

mean tumor diameter—in mice treated with sunitinib (12

oral doses of 40 mg/kg daily) or not (control). Sunitinib is

shown to produce a sustainable inhibition of tumor growth.

There is clear evidence of tumor growth inhibition (i.e.,

treatment effectiveness) in the sunitinib group (filled circles)

when compared to the control group (empty circles) with

�20-day delay in the time it takes for a tumor to reach a

diameter of 10 mm. Given the results highlighting the non-

cytotoxicity of sunitinib (see Supplemental Data), we can

assume that sunitinib is primarily acting on the tumor endo-

thelium and vasculature rather than on the HT-29 tumor

cells to induce a strong inhibition of tumor growth. This

noncytotoxic action is associated with a drop in the tumor

interstitial fluid pressure (IFP) synonymous with a normal-

ization of tumor vasculature, thus suggesting the existence

of a potential optimal window to combine the sunitinib treat-

ment with a classical chemotherapy agent (Supplemental

Data).

Figure 1 Mean tumor diameter time course in HT-29 xenografted
mice treated with sunitinib 40 mg/kg daily for 12 days (filled
circles) or placebo (empty circles) in Experiment 1.
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Following the spirit of the Hahnfeldt Model,14 the model
equations for the proposed model of tumor growth are as
follows:

dD
dt

5 k � D � 12
D
K

� �a� �
; D t 5 0ð Þ5 D0:

dK
dt

5 b � D2; K t 5 0ð Þ5 K0: (1)

The mean tumor diameter D is assumed to grow follow-

ing a generalized logistic growth law with varying carrying
capacity. The tumor growth rate is represented by k. The

parameter a is fixed to a value of 0.1, implying that the
growth law is “nearly” Gompertzian. The variable K, known

as the carrying capacity, describes the maximum capacity
of tumor size. This variable represents tumor endothelium

and vasculature providing nutrient and oxygen to tumor
cells to grow. The rate constant associated with the crea-

tion of new vessels is b. The values of each of these
parameters are given in Supplementary Table S2.

Next, we consider this model with the addition of antian-
giogenic treatment. The variable S represents the total
amount of sunitinib in the system. Due to the lack of phar-
macokinetic data, we assume an exponential decay of suni-
tinib after each dose.23 The model (1) together with the
components related to sunitinib pharmacokinetic and phar-
macodynamics are presented below:

dS
dt

5 2pS � S; S t 5 TSð Þ5 1:

dD
dt

5 k � D � 1 2
D
K

� �a� �
; D t 5 0ð Þ5 D0:

dK
dt

5 b � D2 2 bS � pS � S � K ; K t 5 0ð Þ5K0: (2)

Given previous results where sunitinib was shown not to
induce HT-29 cells death in vitro, we assumed the drug
only to affect the tumor vasculature variable K.

The activity of sunitinib is proportional to its dosing rate
pS � S. The elimination constant associated with sunitinib is
pS and the effectiveness of sunitinib is represented by bS.
Sunitinib treatment is given once a day for 12 consecutive
days. Due to the lack of pharmacokinetic data, we consider
each dose as having a normalized magnitude of 1.

Parameters of this model are estimated using the SAEM
algorithm. The values of the parameters can be seen in
Supplementary Table S2. Figure 2a shows a comparison
of the model simulation to the average data in both the con-
trol (black) and treatment (blue) cases. There is good
agreement between the data and simulations, leading us to
believe that we have captured important dynamics associ-
ated with antiangiogenic therapy. Further model diagnostics
are shown in Figure 2b. Here we show the visual predictive
check associated with the two arms of the experiment. The
dashed line outlines the 95% confidence interval deter-
mined by model simulation. Later timepoints (past 20 day)
might show some level of misclassification due to the lack
of data for these timepoints. Despite this, the experimental
data are shown to be well confined by this interval in both
the control (upper panel) and treated (lower panel) cases.
Also, the individual parameter estimation is associated with

Figure 2 Sunitinib monotherapy model simulations. (a) Model simulation using average parameters. (b) Visual predictive check show-
ing the 95% confidence interval generated by model simulation (dashed lines) and the tumor size data (circles) for the two experiment
arms described in Table S1.
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an epsilon shrinkage of 7.6%, giving confidence to the

notion that the data have not been overfit.

Model of vascular tumor growth with combined

sunitinib-irinotecan treatment
The natural way to model the combination of sunitinib-

irinotecan is to assume simple additivity of the effect. We

model the effects of irinotecan by following the work of

Simeoni et al.20 The variable C represents the total amount

of irinotecan in the system. In a similar fashion to how suni-

tinib is modeled, the activity of irinotecan is proportional to

its dosing rate pc � C. The elimination constant associated

with irinotecan is pC and the effectiveness of irinotecan is

represented by bC. We consider that irinotecan kills tumor

cells through a three-stage death process represented

mathematically by tumor cells passing through three transit

compartment equations (D2;D3;D4) prior to leaving the

system. The resulting model, schematically represented in

Figure 3 and for which equations are given below, is called

the “noninteraction” model.

dC
dt

5 2pC � C; C t 5 TCð Þ5 1:

dS
dt

5 2pS � S; S t 5 TSð Þ5 1:

dD1

dt
5 k � D1 � 12

D1

K

� �a� �
2bC � pC � C � D1; D1 t 5 0ð Þ5 D0:

dD2

dt
5 bC � pC � C � D1 2 kC � D2 ;

dD3

dt
5 kC � D2 2 kC � D3 ;

dD4

dt
5 kC � D3 2 kC � D4

dK
dt

5 b � D1
2 2 bS � pS � S � K ; K t 5 0ð Þ5 K0:

D 5 D1 1 D2 1 D3 1 D4: (3)

Given the evidence of a decrease in tumor IFP during
sunitinib treatment—thus potentially indicating tumor vascu-
lature normalization—we also considered a model in which
these two drugs interact with each other within the system,
referred to as the “interaction model.” If sunitinib acts by
normalizing tumor vasculature, it may result in an improved
blood flow within the tumor. As cells need energy and oxy-
gen to induce programmed cell death following DNA inju-
ries by a cytotoxic agent, we hypothesized that sunitinib
could increase the speed by which cells die once affected
by irinotecan. We thus assumed that when the drugs are
given concurrently, kC is proportional to the cumulated
exposure to sunitinib prior to the dose of irinotecan. The
time of the administration of irinotecan is represented by
the variable TC . The “interaction model” has the same rep-
resentation as model (3) where:

kC 5 kS � exp
ðTC

0

S tð Þdt

0
@

1
A (4)

The exponential in expression 4 was chosen to produce
a relation similar to that of an exponential covariate in the
mixed-effect approach. While this approach is empirical in
the current modeling context, should we be able to use the
mixed-effect approach with a similar dataset in the future,
we hypothesize that the exponential covariate would be the
most likely relation between these two quantities.

To estimate model parameters, we performed a new
experiment described in Supplemental Table S3. Parame-
ters were fit to the median data of each experimental group

Table 1 Parameter estimates of experiment #2

Parameter Estimate (% RSE)

D (t 5 0) (mm) 0.29 (fixed)

K (t 5 0) (mm) 7.43 (fixed)

k (day21) 1.34 (10)

b (mm21 � day21) 0.0027 (0.04)

pS (day21) 2.12 (fixed)

bS (conc. unit21) 0.0317 (0.31)

pC (day21) 0.0850 (fixed)

bC (conc. unit21) 0.3847 (5)

kS (unitless) 0.155 (6)

Figure 3 Schematic representation of sunitinib-irinotecan combi-
nation model. Inclusion of the dashed line represents the final
model in which the two drugs interact, while exclusion of this line
represents a model in which irinotecan and sunitinib are
assumed to act independently of each other.
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using nonlinear least squares regression. The final parame-
ter values are given in Table 1.

Figure 3 provides a schematic view of the sunitinib-
irinotecan combination model, while Figure 4 shows a com-
parison of the noninteraction and the interaction models. In
Figure 4a, we show a comparison of the simulations of both
the noninteraction and interaction models along with the data
of Group 4 (combination sunitinib with irinotecan on day 2).
In Figure 4b, we show a comparison of the simulations of
both the noninteraction and interaction models along with the
data of Group 5 (combination sunitinib with irinotecan on
day 15). While the argument can be made for both models
accurately describing the data of Group 4, it is clear that the
noninteraction model does not capture the phenomenon
observed for the data of Group 5. We continue by quantifying
the observation that the interaction model more accurately
describes our data. We show the observed tumor sizes vs.
the simulated tumor sizes for the noninteraction model
(Figure 4d) and interaction model (Figure 4c). We then
consider the least squares linear fit of these data. Visually,
it is clear that the regression line of the interaction model
(Figure 4d) is more closely aligned with the identity line than

the noninteraction model (Figure 4c). This is evidence that

the interaction model might be better suited to our data.

Since the interaction model is nested within the noninterac-

tion model, a log-likelihood ratio test was performed to deter-

mine if the difference in likelihoods is statistically significant.

The result of the test shows a change in likelihood equal to

25.99. This indicates that the interaction model fits the data

significantly better (P < 0.05) than the noninteraction model.

The simulation of Experiment 2 with the interaction model

is shown in Figure 5, where we see good concordance

between model and data in all five arms of the experiment.

Model evaluation
To further evaluate the model, we tested the ability of the

model to adapt to the data arising from a separate experi-

ment involving the same types of tumors and treatments. Fol-

lowing the experimental protocol given in Supplemental

Table S4, sunitinib was administered for 12 consecutive

days, during which there was a single administration of irino-

tecan on the 0th, 3rd, 6th, 9th, or 12th day of sunitinib treat-

ment. Both simulation and experiment agree on the same

optimal treatment protocol: the one in which irinotecan is

Figure 4 Experiment 2. A comparison of the predictions of the noninteraction and interaction models. (a) Comparison of the simula-
tions of both the noninteraction and interaction models along with the data of Group 4 (combination sunitinib with irinotecan on day 2).
(b) Comparison of the simulations of both the noninteraction and interaction models along with the data of Group 5 (combination suniti-
nib with irinotecan on day 15). (c) Observed tumor sizes vs. the simulated tumor sizes for the noninteraction model. (d) Observed
tumor sizes vs. the simulated tumor sizes for the interaction model.
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administered on the 6th day of sunitinib treatment. In Figure 6

we show the minimal tumor size achieved after treatment is

started (nadir), with interindividual variability (one standard

error) with respect to the day of irinotecan starts within the 12

days of sunitinib treatment. The continuous line represents

the results of the simulation of the experiment using parame-

ters in Table 1. Despite different tumor size values, the model

qualitatively correctly predicts that the best day for irinotecan

administration was day 6.

DISCUSSION

In this work we developed a model of tumor growth in the

case of combined therapy with antiangiogenic and chemo-

therapeutic drugs. Model development was guided by pre-
clinical in vivo experiments with HT-29 colorectal tumor
cells treated with sunitinib and irinotecan. Our model
describes the growth of the tumor diameter as a general-
ized logistic function with a varying carrying capacity and
can be viewed as a simplification of the model by Hahnfeldt
et al.14 Treatment with the antiangiogenic drug is modeled
as decreasing the carrying capacity of the tumor, while
treatment with irinotecan is modeled as a three-stage death
process taking place directly on the tumor cells, as
described in ref. 20.

One of the major questions when modeling multiple treat-
ments is whether or not the treatments interact syner-
gistically, antagonistically, or independently from each other.
Our model, combined with a log-likelihood ratio test sug-
gests that, in this setting, there is a possible weak synergis-
tic interaction between sunitinib and irinotecan. While the
findings of a drug interaction are consistent with the find-
ings described,24 it is inconsistent with some other model-
ing work (Terranova et al.,24 who found no interaction.
These varied conclusions are unsurprising, in that they
reflect the mixed findings concerning the effectiveness of
sunitinib in the clinical setting. These results highlight the
need for more work to be done to understand how these
drugs work individually and in combination. Furthermore,
there is no single way to define synergism and antagonism.
Depending on the definition the results might be different.25

Given that our model accurately models our data, it is
possible to ask questions about the best timing of the two
treatments. In both data and simulations, we found that the
minimum final tumor size is reached when irinotecan was
administered on the 6th day of sunitinib administration. This
supports the notion that a “vasculature-normalizing window”
occurs in the range between the 4th and 8th day of suniti-
nib treatment, with the best time for administering chemo-
therapy occurring during this window. Biologically, our
experiments are consistent with the findings of Jain et al.,
who detail evidence of such a treatment window in antian-
giogenic drugs.8 The numerical result is similar to the
results of ref. 15, where the model indicated that the ideal
time frame for chemotherapy administration existed in the
range of 4–7 days after the start of sunitinib administration.

There are a number of ways in which this model may be
modified or improved. First, the addition of pharmacokinetic
data from our drugs could foster the development of a full
pharmacokinetic-pharmacodynamic (PK-PD) model. We
suspect that the addition of pharmacokinetic models will not
significantly change the timescales or the nature of the
interaction. However, we feel that the qualitative information
gleaned from this model will hold even with the full PK-PD
framework. However, a full PK-PD model would be needed
to predict things like dose magnitude and toxicity. The
model could be made more complex to investigate more
biologically complex questions. For instance, one could
consider a heterogeneous tumor consisting of different
types of cells,16 or even a more spatial model.15

It is also of note that we investigate “one cycle” of treat-
ment. Now that we have identified the optimal combined
treatment for a single cycle of irinotecan/sunitinib treatment,
it would be of interest to investigate both experimentally

Figure 5 Numerical simulation of Experiment 2 (Supplementary
Table S2). Simulations are the result of the interaction model.
The five arms to this experiment are as follows: control (black),
sunitinib monotherapy (blue), irinotecan monotherapy (red), and
two combination protocols. Group 4 (green) involves sunitinib
being given once daily for 12 days, with a single dose of irinote-
can at day 2. Group 5 (orange) involves sunitinib being given
once daily for 12 days, with a single dose of irinotecan at
day 15.

Figure 6 Experiment 3. Minimal tumor diameter achieved (y-
axis) in mice treated with sunitinib 40 mg/kg daily for 12 days in
combination with irinotecan 90 mg/kg (unique 5-minute intrave-
nous infusion) given at different time (x-axis) in the evaluation
experiment (Supplemental Table S4). Error bars represent one
standard deviation of experimental data, while continuous line
represents the model prediction.
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and numerically whether this treatment protocol remains
optimal when given in multiple cycles.

Despite drastic simplification of the representative biologi-

cal mechanisms, much can be gleaned from mechanistic
models such as the one presented here. Our model sug-
gests that synergism between irinotecan and sunitinib might

be a consideration for future studies. In the future, this
model could be used as a simulation tool to guide future pre-
clinical experiments concerning these two drugs. Finally, this

model could also be used to guide the development of a clin-
ical model of CRC treatment with sunitinib and irinotecan.
Information gleaned from this preclinical model could aid in

increasing overall treatment efficacy by suggesting protocols
based on the identification of optimal treatment windows
between antiangiogenic and chemotherapeutic drugs.
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