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ABSTRACT
In this work, a semimechanistic pharmacokinetic/pharmacody-
namic (PK/PD) model to quantitatively describe the antitumor
activity of docetaxel (Doc) and cabozantinib (Cab) under mono-
therapy, concurrent therapy, interval therapy, and different sequen-
tial therapy in mouse xenograft models of castration-resistant
prostate cancer was developed and evaluated. The pharmacoki-
netics (PK) of Doc and Cab when administered separately and
simultaneously were investigated in nude mice, and PD study was
conducted in tumor-bearing mice treated with different dosing
schedules. The PK interaction between Doc and Cab was
expressed by adding the effect of Cab on the clearance of Doc in
the PK model. And the PD interaction between the two drugs was
demonstrated by the developed PK/PD model through the combi-
nation index “f.” Our results showed that the concurrent therapy

and Doc followed by Cab (Doc ∼Cab) sequential therapy exhibited
better tumor inhibitory efficacy thanmonotherapy. TheCab followed
by Doc (Cab ∼ Doc) sequential schedule was less effective than
monotherapy, and the interval therapy did not enhance the
antitumor efficacy compared with the concurrent therapy. The
parameter f estimated from the PK/PD model quantitatively
characterized the action between Doc and Cab. There was no
significant PD interaction between Doc and Cab in both the
concurrent schedule and the interval schedule, whereas the effect
of the two drugs in the “Doc ∼ Cab” and “Cab ∼ Doc” sequential
schedule was synergistic and antagonistic, respectively. The pro-
posed model properly described the antitumor effects of Doc and
Cab under different treatment schedules and could be used for
dose optimization through model-based simulation.

Introduction
Prostate cancer has the second highest incidence rate

among males worldwide (Torre et al., 2016). Although ad-
vanced prostate cancer usually responds to antiandrogen
therapies initially, resistance inevitably develops, leading to
the emergence of castration-resistant prostate cancer (CRPC).
Docetaxel (Doc) (Taxotere; Sanofi-Aventis, Paris, France) is a
semisynthetic taxane microtubule inhibitor, and Doc plus
prednisone has been the standard first-line chemotherapy in
patientswith CRPC (McKeage, 2012). Cabozantinib [Cab (also
called XL184)] is an orally bioavailable multitarget tyrosine
kinase inhibitor with activity primarily against MET
(hepatocyte growth factor/scatter receptor) and vascular
endothelial growth factor receptor 2 (VEGFR2) (Grüllich,
2014). The inhibition of MET and VEGFR2 subsequently
downregulates a series of downstream signaling pathways,

which then inhibit cell proliferation and angiogenesis. It has
been reported (Vaishampayan, 2014) that Cab demonstrated
responses in soft tissue, visceral disease, and bone metastases
in individuals with CRPC. Although two recently presented
phase III trials (COMET-1 and COMET-2) evaluating Cab in
CRPC did not meet their primary endpoints (Basch et al., 2015;
Smith et al., 2015), this targeted strategy still seems to be a
promising area of prostate cancer research (Modena et al.,
2016).
Achieving better antitumor efficacy by drug combination is

a mainstay in oncology. However, the combination of cytotoxic
and antiangiogenic drugs might not be a simple synergy. For
example, the pharmacological effect of combination therapy is
not better than chemotherapy alone in four large randomized
clinical trials in non–small cell lung cancer (Herbst et al.,
2004, 2005; Manegold et al., 2005; Gatzemeier et al., 2007). To
explore the clinical failure of erlotinib and gemcitabine
combination, Li et al. (2013) found in preclinical research that
the antitumor effect of erlotinib and gemcitabine in the
interval group was significantly different from that in the
concurrent group. In recent years, sequential therapy has
drawn increasing attention in the process of optimizing the
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dosing regimen in cancer therapy. In preclinical studies,
sequential treatment has been reported to augment the
antitumor efficacy of monotherapy (Wang et al., 2015). More-
over, several clinical studies showed that sequential therapy
had the advantage of improving survival (Moebus et al., 2010;
Signorelli et al., 2015), reducing drug resistance (Buzdar and
Hortobagyi, 2003), and exhibiting less toxicity compared with
concurrent therapy (Fornier et al., 2001).
Pharmacokinetic/pharmacodynamic (PK/PD) modeling is a

good way to explore the time course relationship between drug
behaviors and effects and has become a key tool in the whole
course of oncologic drug development (Manolis et al., 2013;
Milligan et al., 2013). A couple of modeling approaches have been
proposed to study the antitumor activity of drugs. These models
not only can provide time-dependent quantitative estimates of the
antitumor effect of a single compound (Simeoni et al., 2004), but
also are capable of studying the interaction between coadminis-
tered drugs (Earp et al., 2004; Koch et al., 2009). They are also
indicated as possible suitable tools for the translation from
preclinical to clinical occasions (Rocchetti et al., 2007; Simeoni
et al., 2013;Eigenmannet al., 2016).Among thesemodels, a linear
tumor growth inhibition (TGI) model proposed earlier by Simeoni
et al. (2004) is the most popular one. However, despite its
simplicity and flexibility, the linear TGI model based on a cell-
killinghypothesismaynot beable to capture themodesof action of
angiogenesis inhibitors. Taking into account tumor angiogenesis,
a semimechanistic model describing the effects of pazopanib was
proposed by Ouerdani et al. (2015). The model supposed that the
tumor, through proangiogenic factors such as VEGF, was capable
of extending its carrying capacity [i.e., themaximal tumor volume
(TV) or mass supported by the current level of tumor vasculari-
zation]. This model was developed using experimental data
obtained from mice and then applied to the description of the
effect of pazopanib in patients. More recently, in a study (Mollard
et al., 2017) conducted to investigate the combination efficacy of
bevacizumab and paclitaxel in the treatment of breast cancer in
tumor-bearing mice, a mathematical model was developed to
describe the antiangiogenic effect of bevacizumab on tumor
vasculature, which was divided into two compartments: a stable
one and an unstable one. Nevertheless, this model put forward
higher requirements on data, although it explained more specific
mechanisms.
The aim of this study was to develop a semimechanistic

PK/PD model to quantitatively describe the antitumor
effects of Doc and Cab under monotherapy, concurrent
treatment schedule, interval treatment schedule, and dif-
ferent sequential treatment schedules, using 22Rv1 and
PC3-derived nude mouse xenograft models, and thus to
select the optimal regimen based on the results and
simulations. This study may provide helpful suggestions
for the combination use of Doc and Cab in the clinical
treatment of CRPC.

Materials and Methods
Drugs and Reagents. Doc and Cab were purchased from Melone

Pharmaceutical (Dalian, People’s Republic of China). RPMI 1640 was
bought from Macgene Biotech Company, Ltd. (Beijing, People’s
Republic of China), and fetal bovine serum (FBS) was obtained from
Gibco (Grand Island, NY). Matrigel was purchased from Becton
Dickinson (Franklin Lakes, NJ). And chromatographic grade acetoni-
trile and methanol were bought from Sigma-Aldrich (St. Louis, MO).

Cell Culture and Animals. The human prostate cancer cell line
22Rv1 was purchased from Shanghai Institutes for Biologic Sciences
of the Chinese Academy of Sciences (Shanghai, People’s Republic of
China) and cultured in RPMI 1640 medium containing 10% FBS and
antibiotic (penicillin 100 IU/ml and streptomycin 100 mg/ml). The
human PC3 prostate cancer cell line was provided by Instructor Yan
Song (School of Pharmaceutical Sciences, Peking University) and
grown in RPMI 1640 medium containing 10% FBS. Cells were
maintained at 37°C in a humidified atmosphere containing 5% CO2.

Male nu/nu nude mice (5 weeks old; weight, 17–20 g) were
purchased from the Experimental Animal Center, Peking University
Health Science Center (Beijing, People’s Republic of China). The
animals were housed in an environmentally controlled breeding room
with specific pathogen-free conditions (21°C with 50%–60% relative
humidity and a 12-hour light/dark cycle). All animal studies were
approved by the Institutional Animal Care and Use Committee.

In Vitro Cell Inhibition Assay. The sulforhodamine B colori-
metric assay (Vichai and Kirtikara, 2006) was used to evaluate the
growth-inhibitory activity of drugs at various concentrations. Expo-
nentially growing 22Rv1 and PC3 cells were seeded in 96-well plastic
plates at a density of 2 � 104 cells/well and 4 � 103 cells/well,
respectively. Cells were incubated for 24 hours to allow sufficient cell
adhesion and were treated with serial dilutions of Doc or Cab alone for
48 hours, respectively, in six replicated wells for each drug concen-
tration. The IC50 value represents the concentration resulting in 50%
cell growth inhibition after a 48-hour exposure to the drug compared
with untreated control cells, and it was calculated using GraphPad
Prism versions 5.0 software (GraphPad Software, San Diego, CA).
Then, the concentrations of Doc and Cab near the IC30 values were
used for combination treatment study considering the balance be-
tween efficacy and toxicity (Oliveras-Ferraros et al., 2008). The
treatment schedules are shown in Fig. 1A.

PK Study. The mice were divided into three groups for the Doc
short-termPK study, the Cab long-termPK study, and the PK study of
Doc and Cab for long-term combination. 1) For the Doc short-term PK
study, mice were injected via tail vein at a single dose of 20 mg/kg Doc
[dissolved in a 90:5:5 (v/v/v) ratio, 0.9% sodium chloride/polysorbate
80/dehydrated alcohol], and blood samples were collected at 5, 15, and
30 minutes, and 1, 2, 4, 8, and 12 hours after administration. 2) The
mice for the Cab long-term PK study were given Cab (formulated in
water) at a dose of 10 mg/kg per day by oral gavage, and blood samples
were collected at 5, 15, and 30 minutes, and 1, 2, 4, 8, 12, 72, 168, and
288 hours after the first dose. 3) The mice for the Doc and Cab
combinationPK studywere administeredDoc at a dose of 20mg/kg per
week and Cab at a dose of 10mg/kg per day. The experiment lasted for
12 days, and at day 1 and day 8 Doc and Cab were administered
simultaneously. Blood sampleswere collected at 5, 15, and 30minutes,
and 1, 2, 4, 8, 12, 72, 168, and 288 hours after the first dose. All the
blood samples were centrifuged at 4000 rpm for 10 minutes, then
the upper plasma was collected and stored at 280°C before analysis.
The animals were euthanized after sampling.

The quantification of Doc and Cabwasmonitored using an API4000
QTRAP Mass Spectrometer (Applied Biosystems, Foster City, CA)
equipped with an electrospray ionization source system, and con-
trolled by Analyst TF Version 1.6 software (Applied Biosystems,
Foster City, CA). Chromatographic separation was performed on a
Dionex UltiMate 3000 UHPLC [ultra–high-performance liquid chro-
matography (LC)] System (Thermo Fisher Scientific, Waltham, MA).
Docwas separated by anUltimateC-18 column (3.0� 50mm i.d., 3mm
particle size; Waters, Milford, MA) using an isocratic mobile phase
(pure water containing 1 mM ammonium formate/acetonitrile 5 45:
55, v/v) at room temperature. The ion transitionsmonitoredwere from
m/z 808.5 → 527.4, the ionspray voltage was kept at 5 kV, and the
temperature was 300°C. The flow rate was 0.4 ml/min, and the overall
run time was 4 minutes, with a quantitative range of 5–1500 ng/ml.
The high-performance LC-tandem mass spectrometry (MS/MS)
method was validated in accordance with the Guidance for Industry,
Bioanalytical Method Validation, as specified by the Food and Drug
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Administration (https://www.fda.gov/downloads/drugs/guidancecom-
plianceregulatoryinformation/guidances/ucm368107.pdf). The con-
centration of Cab was determined by a LC-MS/MS method
previously developed by our group (Su et al., 2015). The separation
of Cab was achieved on a reversed phase C18 column (50 � 2 mm,
5 mm) at ambient temperature using isocratic elution with acetoni-
trile/water (45:55, v/v) containing 5 mM ammonium formate buffer
(finally adjusted to an apparent pH 5 5.0 with formic acid). The flow
rate was 0.4 ml/min. The calibration curve was linear (r . 0.99) in a
concentration range of 0.5–1000 ng/ml.

In Vivo PD Study. 22Rv1 and PC3 tumor-bearingmice were used
for the PD study. Both xenograft models were used to investigate and
compare the anticancer efficacy of monotherapy, concurrent therapy,
interval therapy, and sequential therapy with the two drugs. The
various treatment groups are shown in Table 1, and the schematic
diagramof treatment schedules is represented in Supplemental Fig. 1.

First, we established the 22Rv1-inoculated xenograft model.
Briefly, 5� 106 22Rv1 cells were suspended in a 100-ml mixed solution
of RPMI 1640 free of FBS andmatrigel (v/v5 1/1) and injected s.c. into
the right flank of themouse. Tumor diameterwasmeasured by vernier

Fig. 1. In vitro cell inhibition effects of different treatment schedules on 22Rv1 and PC3 cells. (A) Cell combination treatment schedules. PBS,
phosphate-buffered saline. (B) Cell inhibition effects of different treatment schedules on 22Rv1 and PC3 cells.

TABLE 1
Treatment schedules in vivo

Group No. Treatment group Treatment description Group category

22Rv1 xenograft mice
(1) Control Control Control
(2) Doc 5 Doc 5 mg/kg per week Monotherapy
(3) Doc 10 Doc 10 mg/kg per week Monotherapy
(4) Cab 10 Cab 10 mg/kg per day Monotherapy
(5) Doc 5 + Cab 10 Doc 5 mg/kg per week and Cab 10 mg/kg per day,

simultaneous administration
Concurrent schedule

(6) Doc 10 + Cab 10 Doc 10 mg/kg per week and Cab 10 mg/kg per day,
simultaneous administration

Concurrent schedule

(7) Doc 5 6h Cab 10 Doc 5 mg/kg per week and Cab 10 mg/kg per day,
with 6-hour interval

Interval schedule

(8) Doc 10 6h Cab 10 Doc 10 mg/kg per week and Cab 10 mg/kg per day,
with 6-hour interval

Interval schedule

(9) Doc 10 ∼ Cab 10 Doc 10 mg/kg per week for the first week, followed by
Cab 10 mg/kg per day for the second week, and
alternated weekly

Sequential schedule

PC3 xenograft mice
(1) Control Control Control
(2) Doc 5 Doc 5 mg/kg per week Monotherapy
(3) Cab 10 Cab 10 mg/kg per day Monotherapy
(4) Doc 5 + Cab 10 Doc 5 mg/kg per week and Cab 10 mg/kg per day,

simultaneous administration
Concurrent schedule

(5) Doc 5 6h Cab 10 Doc 5 mg/kg per week and Cab 10 mg/kg per day, with
6-hour interval

Interval schedule

(6) Doc 5 2 Cab 10 Doc 5 mg/kg per week for the first week, followed by Cab
10 mg/kg per day for the second week, and alternated weekly

Sequential schedule

(7) Cab 10 ∼ Doc 5 Cab 10 mg/kg per day for the first week, followed by Doc
5 mg/kg per week for the second week, and alternated weekly

Sequential schedule

All drug administration was conducted at 8:00 AM except the interval groups. For mice on a concurrent schedule, Doc and Cab were administered simultaneously (8:00 AM)
on the first day of every week. For mice on an interval schedule, Cab was administered 6 hours after the Doc injection (i.e., Doc was injected at 8:00 AM and Cab was given by
gavage at 2:00 PM).

PK/PD Modeling of Schedule-Dependent Drug Combination in Mice 15
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caliper and converted to TV using the following formula: TV (cubic
millimeters) 5 length � width2 � 0.5. When TVs reached
100–200 mm3, mice were randomly assigned to nine different
treatment groups (n 5 5–6 in each group), as follows: 1) vehicle
control; 2) Doc 5; 3) Doc 10; 4) Cab 10; 5) Doc 5 1 Cab 10; 6) Doc 10 1
Cab 10; 7) Doc 5 6h Cab 10; 8) Doc 10 6h Cab 10; and 9) Doc 10 ∼ Cab
10. Treatments lasted for 3 weeks, and the tumor size and bodyweight
in various groups were recorded every 2 days. The percentage of TGI
(%TGI) was determined as the average change in vehicle-treated
tumors (DVehicle) minus the average change in test agents treated
tumors (DTreated) divided by DVehicle and expressed as a percentage
(Huck et al., 2014) (eq. 1). Because %TGI is a time-dependent efficacy
endpoint, it is calculated at a fixed time point. In our study, %TGI was
calculated at the end of the dosing period:

%TGI5
ðControltday 2Control0dayÞ2ðTteatedtday 2Treated0dayÞ

Controltday 2Control0day
� 100%: (1)

We then established the PC3 xenograft model. Similarly, 5 � 106 PC3
cells were suspended in a 100-ml mixed solution of RPMI 1640 free of
FBS and injected s.c. into the right flank of the mouse. Mice were
randomly assigned to the following seven different treatment groups
(n5 5–6 each group): 1) vehicle control; 2) Doc 5; 3) Cab 10; 4) Doc 51
Cab 10; 5) Doc 5 6h Cab 10; 6) Doc 5 ∼ Cab 10; and 7) Cab 10 ∼ Doc 5.
Treatments were conducted for 4 weeks, and the tumor size and body
weight were recorded as mentioned above.

PK/PD Models. The experimental data were modeled using the
first-order conditional estimation with interaction method with

NONMEM version 7.2 software (ICON Development Solutions,
Ellicott City, MD). The block diagram of the entire model is shown
in Fig. 2.

PK Model. TheDoc concentration-time curve was estimated using
a two-compartment model, whereas the PK profile of Cab was
described by a one-compartment model with first-order absorption.
In our study, since Doc was injected once a week whereas Cab was
administered by oral gavage every day, we assumed that Doc had no
effect on Cab PK during the PK/PD modeling process. At the same
time, we used the log-likelihood ratio test to evaluate the effect of Cab
on the PK profile of Doc. As a result, for mice taking both Doc and Cab,
Doc clearance (CL) was adjusted by the influence of Cab plasma
concentration (eq. 2). In this equation, CLc and CLs represent the Doc
CL of mice taking both drugs and single Doc, respectively; IC50Cab
represents the concentration of Cab causing half of the maximum
impact on Doc CL; and CCab is the concentration of Cab in mouse
plasma, as follows:

CLc 5CLs × ð12 CCab

IC50Cab 1CCab
Þ (2).

PK/PD Model. A logistic tumor growth model was used as the
base model for the tumor natural growth dynamics of 22Rv1
xenografts (Yamazaki et al., 2011). The natural growth of the tumor
can be described by an exponential phase with a self-limitation,
eventually reaching a plateau. The growth rate of the tumor can be
described by eq. 3, as follows:

dXðtÞ
dt

5kng ×XðtÞ ×
�
12

XðtÞ
KP

�
; Xtð0Þ5Vð0Þ (3)

Fig. 2. Schematic of the integrated PK/PDmodel. Vc,
Vp and GI represent the central, peripheral and
absorption compartments, respectively.

Fig. 3. Plasma concentration-time profiles of Doc and Cab in nude mice. (A) Concentration-time profiles of Doc after a single dose (20 mg/kg, i.v.) of Doc
alone or Doc in combination with Cab (10 mg/kg, p.o.) (B). Concentration-time profiles of Cab after administering Cab at a dose of 10 mg/kg per day by
oral gavage alone or Cab in combination with Doc 20 mg/kg per week, i.v. (mean 6 S.D., n = 3).
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whereX(t) represents the volume of proliferating tumor cells at time t,
V(0) represents the initial TV at the time of randomination, kng is the
constant net growth rate, and KP represents the tumor-carrying
capacity (the maximum sustainable TV), which is assumed to be
limited by the nutrition supplied through the vasculature as well as
the growth space in the tumor (Yamazaki et al., 2011).

In Doc monotherapy groups, it is assumed that chemotherapy
makes some cells nonproliferating and eventually brings them to
death through a mortality chain (Simeoni et al., 2004). A transit
compartment model has been used to characterize the time delay
between drug exposure and drug effect; the portion of proliferating
cells within the total TV is denoted as X1, and k1 is the constant
transit rate between nonproliferating compartments (X2, X3, X4). X(t)
is the total volume of the cells in various stages. The rate from
proliferating to nonproliferating cells is in proportion with the Doc
concentration in plasma (CDoc), with a cofficient of kDoc, which describes
its antitumor potency. The differential equations are as follows:

dX1
dt

5 kng ×X1 ×

 
12

XðtÞ
KP

!
2kDoc ×CDoc ×X1; X1ð0Þ5Vð0Þ (4)

dX2
dt

5kDoc ×CDoc ×X12k1 ×X2; X2ð0Þ50 (5)

dX3
dt

5k1 × ðX22X3Þ; X3ð0Þ50 (6)

dX4
dt

5k1 × ðX32X4Þ; X4ð0Þ50 (7)

XðtÞ5X11X21X31X4 (8)

In theCab treatment groups, becauseCab is a receptor tyrosine kinase
inhibitor with activity against MET and VEGFR2 (Grüllich, 2014),
hence blocking the nutrition supply of the tumor, we accordingly
assumed that Cab exerted an inhibitory effect on KP (Ouerdani et al.,
2015) instead of damaging tumor cells (eq. 9). In this equation, the
concentration of Cab causing half of maximum inhibition on KP is
represented by EC50Cab, as follows:

dXðtÞ
dt

5kng ×XðtÞ ×
0
@12

XðtÞ
KP ×

�
12 CCab

EC50Cab 1CCab

�
1
A; Xtð0Þ5Vð0Þ (9).

In the drug combination groups, the combination index “f” was
introduced to kDoc to determine the effect of the interaction of Doc

andCab on tumor growth. Af value greater or less than 1 signifies the
degree of increase or decrease in the antitumor effect. Therefore,
parameter f can indicate synergism or antagonism of the two drugs.
The equation is shown as eq. 10, as follows:

dX1
dt

5kng ×X1 ×

0
@12

XðtÞ
KP ×

�
12 CCab

EC50Cab 1CCab

�
1
A

2f ×kDoc ×CDoc ×X1; X1ð0Þ5Vð0Þ: (10)

The Gompertz model (Laird, 1964) was used for fitting the tumor
natural growth of PC3 xenografts (eq. 11), in which kng is the constant
net growth rate and Nss represents the maximum sustainable TV.
Similarly, Doc exhibited a linear-killing effect on cell growth (eq. 12)
and Cab affected Nss (eq. 13). For combination groups, the f values of
the “Doc1Cab” group, the “Doc 6h Cab” group, the “Doc∼Cab” group,
and the “Cab ∼ Doc” group were represented by f1, f2, f3, and f4,
respectively (eq. 14).

dXðtÞ
dt

5kng ×XðtÞ ×Ln
�
Nss
XðtÞ

�
; Xtð0Þ5Vð0Þ (11)

dX1
dt

5kng ×X1 ×Ln
�
Nss
XðtÞ

�
2kDoc ×CDoc ×X1; X1ð0Þ5Vð0Þ (12)

dXðtÞ
dt

5 kng ×XðtÞ ×Ln
0
@Nss ×

�
12 CCab

EC50Cab 1CCab

�
XðtÞ

1
A; Xtð0Þ5Vð0Þ (13)

dX1
dt

5kng ×X1 ×Ln

0
@Nss ×

�
12 CCab

EC50Cab 1CCab

�
XðtÞ

1
A

2f ×kDoc ×CDoc ×X1; X1ð0Þ5Vð0Þ (14)

Model selection was based on the NONMEM objective function value
(OFV), parameter estimates, relative S.E. (RSE) in the estimate, and
exploratory analysis of the goodness-of-fit plots. Model validations were
performed by visual predictive check (VPC) of the predictions with
1000 simulations using Perl speaks NONMEM (PsN; version 3.5.3).

Data Analysis and Model Simulations. The results of the PD
study in vivo were presented as the mean 6 S.D. using GraphPad
Prism version 5.0 software. Student’s t test was used to determine the
significance among the groups, and difference at a level ofP, 0.05was
considered to be statistically significant.

TABLE 2
Estimated PK parameters of Doc and Cab

Parameter Definition Estimate (RSE%) IIV (CV%)

Doc
CL (l/kg per hour) CL of central compartment 3.47 (11)
IC50Cab (mg/l) The concentration of Cab causing half of

maximum impact on Doc CL
5270 (27)

Vc (l/kg) Distribution volume of central compartment 0.977 (32)
Q (l/kg per hour) CL of distribution between central and

peripheral compartment
3.21 (27)

Vp (l/kg) Distribution volume of peripheral compartment 4.5 (15)

Residual error
s1 Proportional error (CV%) 49.4 (10)
s2 Additive error (S.D., mg/l)

Cab
ka (h21) The absorption rate constant of Cab 2.83 (22)
CL/F (l/kg per hour) Apparent CL of Cab 0.244 (9)
Vc/F (l/kg) Apparent distribution volume of central compartment 1.37 (11)

Residual error
s1 Proportional error (CV%) 34.8 (14)
s2 Additive error (S.D., mg/l) 70.57 (25)

IIV: interindividual variability, CV: coefficient of variation.
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The tumor growth profiles of mice bearing 22Rv1 and PC3
xenografts under concurrent and Doc ∼ Cab sequential treatment
with different dose combinations were simulated from day 0 to day 28.
The model parameters obtained from the PK/PD model were fixed,
and the initial TV was set to 160 mm3. The doses of Doc used for
simulation were 0, 2, 4, 6, 8, 10, and 12 mg/kg per week on 22Rv1
tumor-bearing mice and 0, 2, 4, 6, 8, and 10 mg/kg per week on PC3
tumor-bearingmice. Accordingly, the doses of Cab for simulationwere
0, 2, 4, 6, 8, 10, and 12mg/kg per day on 22Rv1 tumor-bearingmice and
0, 2.5, 5, 7.5, 10, 12.5, 15, and 20 mg/kg per day on PC3 tumor-bearing
mice. The doses of Doc and Cab for simulations were selected on the
grounds that the %TGI was between 15% and 85% for monotherapy in
each model. Furthermore, kinetic TV data were converted to %TGI
using eq. 1, and %TGI of different combination schedules on day
28 was presented in the form of a response surface.

Results
In Vitro Cell Inhibition. The cell inhibition effects of Doc

and Cab were found to be dose dependent in both 22Rv1 and
PC3 cells according to our study. The IC50 values of Doc were
9.86 and 4.95 nM for 22Rv1 and PC3 cells, respectively, and
those of Cabwere 13.54 and 12.80mMfor 22Rv1 and PC3 cells,
respectively. The concentrations of Doc and Cab used for
combination study were 7 nM and 7.3 mM, respectively, for
22Rv1 cells, and 2.5 nM and 9 mM, respectively, for PC3 cells,
which were approximately their IC30 values. The results are
shown in Fig. 1B. Concurrent treatment and Doc ∼ Cab
sequential treatment were more effective in inhibiting cancer
cell growth than treatment with Doc or Cab alone in both cell

lines. In contrast, Cab ∼ Doc sequential treatment was less
effective than Doc ∼ Cab sequential treatment.
PK Study. The plasma concentration-time curves of Doc

on linear and logarithmic scales after injecting a single dose of
20 mg/kg Doc or administering 20 mg/kg Doc and 10 mg/kg
Cab simultaneously in nude mice are shown in Fig. 3A. The
mouse plasma concentration of Cab after giving 10 mg/kg per
day Cab alone or 10 mg/kg per day Cab combined with
20 mg/kg per week Doc are shown in Fig. 3B. For a single
dose of Doc, combination with Cab showed a discrepancy after
2 hours, which indicates a different terminal half-life. For
long-term investigation of Cab PK shown in Fig. 3B, the
combination with Doc once a week had no manifest influence
on the concentration-time profile of Cab, nor did Cab have any
self-induction or self-inhibition effect. Therefore, in the fol-
lowing PK/PDmodeling, we only added the influence of Cab on
Doc PK (eq. 2).
The concentration-time curve of Doc was fitted by a two-

compartment model with correction on CL for concurrent treat-
ment groups and interval treatment groups, whereas that of Cab
was described by a one-compartment model with first-order
absorption. Theparameters estimated are summarized inTable 2.
In Vivo PD Study. Figure 4 shows the tumor inhibitory

effects of various schedules on mice bearing 22Rv1 xenografts
and the picture of excised tumors on day 21. The average %
TGI values of theDoc 5, Doc 10 and Cab 10 groups at the end of
treatment were 38.26%, 72.54%, and 71.49%, respectively.
Compared with monotherapy, drug combination groups
showed increased inhibition of tumor growth, with %TGI

Fig. 4. Antitumor efficacy of different treatment schedules on 22Rv1 tumor-bearing mice. Data were presented as the mean 6 S.D. (n = 5 or 6), *, p ,
0.05 and ***, p,0.001. (A) TV changes over time. (B) Tumor weight at the end of the treatment. (C) Picture of excised tumors at the end of the treatment.
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values of 88.50%, 84.93%, 100.96%, and 100.59% for the
Doc 5 1 Cab 10, Doc 5 6h Cab 10, Doc 10 1 Cab 10, and Doc
10 6h Cab 10 groups, respectively. The interval therapy did
not enhance the antitumor efficacy compared with the con-
current therapy. In addition, the %TGI value of Doc10 ∼ Cab
10 sequential group was 90.07%, which was higher than those of
monotherapy groups. As shown in Supplemental Fig. 2, A andB,
the body weights of mice were stable during treatment, and
organ coefficients [organweight/(body weight2 tumor weight)�
100%] showed no abnormality among various groups, indicating
the safety of all the dosing regimens.

The TGI under different dosing regimens in mice bearing
PC3 xenografts is shown in Fig. 5. The inhibition ratios
compared with control groups were 62.10% and 33.87% in
the Doc 5 and Cab 10 monotherapy groups, respectively, as
well as 88.92%, 86.72%, 74.48%, and 30.76% in the Doc 5 1
Cab 10, Doc 5 6h Cab 10, Doc 5 ∼ Cab 10, and Cab 10 ∼ Doc
5 groups, respectively. Being consistent with the results from
22Rv1 model, the concurrent group exerted lower tumor
burden than all monotherapy groups, and the antitumor
efficacy in the interval group was similar to that in the
concurrent group. In addition, the TGI in two sequential

Fig. 5. Antitumor efficacy of different treatment schedules on PC3 tumor-bearing mice. Data were presented as the mean 6 S.D. (n = 5 or 6), **, p ,
0.01. (A) TV changes over time. (B) Tumor weight at the end of the treatment. (C) Picture of excised tumors at the end of the treatment.

Fig. 6. VPC results of PKmodels. The black hollow dots are the observed data. The black solid and dashed lines represent the medians of prediction and
observed data, respectively. The dark gray dashed lines showed the 2.5th and 97.5th percentiles, and the light gray areas depicted the 95% predictive
confidence intervals. (A) Single dose of 20 mg/kg Doc. (B) Single dose of 20 mg/kg Doc in combination with 10 mg/kg Cab. (C) Multiple doses of 10 mg/kg
per day Cab.

PK/PD Modeling of Schedule-Dependent Drug Combination in Mice 19

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.117.243931/-/DC1
http://jpet.aspetjournals.org/


groups exhibited obvious contrary patterns. Compared with
all monotherapy groups, the tumor burden was lower in the
Doc 5 ∼ Cab 10 sequential group but was higher in the Cab
10 ∼ Doc 5 group. The mouse body weight during treatment
and the organ coefficients among various groups are shown in
Supplemental Fig. 2, C and D.
PK/PD Model. The estimated PK model parameters are

listed in Table 2. And the VPC results and goodness-of-fit plots
of PKmodels are presented in Fig. 6 and Supplemental Fig. 3,
respectively.
TV data were fitted using the sequential-fitting method to

eliminate the confounding effects in the estimation of drug
efficacy parameters and f. Tumor growth data of control group
were fitted at the first step, and then growth parameters
obtained were fixed in the subsequent fitting process. The f
value was estimated by fixing the inherent drug efficacy
parameters obtained from the modeling of monotherapy groups.
The parameters estimated are summarized in Table 3, and the
VPC results stratified by group are presented in Figs. 7 and 8 for
22Rv1 and PC3 xenograft models, respectively. The f values
obtained from PK/PD models are compared in Fig. 9.
Obtained from the 22Rv1 PK/PD model, the f values of the

concurrent group and the interval group were 0.98 (0.77–1.19)
(95% confidence interval) and 1.19 (0.93–1.45) respectively,
and 1 was within their 95% confidence interval, indicating
that Doc and Cab had no significant PD interaction under both
treatment schedules. However, the f value obtained from Doc
∼ Cab group was 2.09 (1.35–2.83), which was higher than 1 as
well as that of the concurrent and interval schedule, indicating
synergy of the two drugs in Doc ∼ Cab sequential treatment.
For PC3 xenograft model, the f values of the concurrent

group, interval group, and Doc ∼ Cab and Cab ∼ Doc
sequential groups were 1.25 (1.00–1.50), 1.34 (1.00–1.68),
3.63 (2.28–4.98), and 0.54 (0.32–0.76), respectively. These
results suggested that Doc and Cab exhibited a similar effect

under the concurrent schedule and interval schedule, since
most of their 95% confidence intervals were overlapped.
Moreover, the Doc ∼ Cab sequential schedule showed the
synergy of Doc and Cab because the f value was much greater
than 1, which was consistent with the results from the 22Rv1
PK/PD model. However, the Cab ∼ Doc sequential group
exhibited antagonism indicated by the f value, which was less
than 1.
Model Simulations. Simulations were performed on the

concurrent schedule and the Doc ∼ Cab sequential schedule in
this study since the experimental data demonstrated the en-
hanced antitumor effect in the concurrent groups and the PK/PD
model parameter f confirmed the highest synergy of the two
drugs in the Doc ∼ Cab sequential groups. In addition, the
concurrent schedule is more convenient and acceptable than
the interval schedule inmedical practice, although therewas no
significant difference in the antitumor effect between them.
By fixing the parameters obtained from the 22Rv1 PK/PD

model, the simulated response surfaces of %TGI on day
28 under different dose combinations are shown in Fig 10, A
and B. For the Doc 1 Cab concurrent schedule, Doc combined
with Cab showed enhanced tumor inhibition compared with
Doc or Cab monotherapy. It should be noticed that under the
concurrent treatment, a low dose of Cab could increase the
total anticancer effect dramatically, which can be seen from
the steepness of the surface along the y-axis. For example, the
%TGI under treatment with 6 mg/kg per week Doc was 47.3%,
whereas the %TGI of “Doc 61 Cab 2” rose to 68.6%. However,
for the Doc ∼ Cab sequential schedule, a low dose of Doc
(2 mg/kg per week) combined with Cab showed no benefit
compared with Cab monotherapy, but when the dose of Doc
was higher than 4 mg/kg per week, sequential treatment was
obviously superior to monotherapy with either Doc or Cab.
Simulated %TGI values based on the PC3 PK/PD model on

day 28 are shown in Fig. 10, C and D. Both the concurrent and

TABLE 3
PD parameters estimated from the 22Rv1 and PC3 xenografts PK/PD model

Parameter Definition 22Rv1 Estimate (RSE%) (IIV, CV%) PC3 Estimate (RSE%) (IIV, CV%)

V(0) (mm3) Initial TV (control group)a 195 (7) (16.9) 145 (3) (2.7)
kng (h21) Tumor growth rate 0.0072 (6) (2.9) 0.0025 (9) (21.8)
KP (mm3) Tumor carrying capacity of 22Rv1 model 4560 (19) (4)
Nss (mm3) Tumor carrying capacity of PC3 model 2090 (16) (30)
kDoc (l × mg

21 × h21) The antitumor effect coefficient of Doc 0.000206 (16) (38.9) 0.000289 (13) (30.3)
k1 (h21) Transit-rate constant (Doc monotherapy)b 0.0218 (34) (27) 0.0179 (16) (26.8)
EC50Cab (mg/l) The concentration of Cab causing half of maximum

inhibition on KP (Nss)
399 (14) (31.9) 2210 (23) (62.1)

f1 f Value of concurrent schedule 0.98 (11) (33.1) 1.25 (10) (21.8)
f2 f Value of interval schedule 1.19 (11) (34.4) 1.34 (13) (30.8)
f3 f Value of Doc ∼ Cab sequential schedule 2.09 (18) (39.2) 3.63 (19) (42.4)
f4

c f Value of Cab ∼ Doc sequential schedule 0.54 (21) (76.9)
s1 (CV%/S.D.) Residual error of control group 9.2/15.9 2/34.1
s2 (CV%/S.D.) Residual error of Doc monotherapy 10.7/2 5.5/6.9
s3 (CV%/S.D.) Residual error of Cab monotherapy 7.2/2 6.1/8.4
s4 (CV%/S.D.) Residual error of concurrent schedule 9.4/16 3.1/10.8
s5 (CV%/S.D.) Residual error of interval schedule 8.5/10.6 4.3/18.0
s6 (CV%/S.D.) Residual error of Doc ∼ Cab 10.9/6.4 2/21.2
s7 (CV%/S.D.) Residual error of Cab ∼ Doc 5.6/18.3

aV0 estimated values (RSE%) in the 22Rv1 model were 212 (9), 230 (8), 178 (7), 196 (6), and 169 (13) for the Doc, Cab, concurrent groups, interval groups, and Doc ∼ Cab
sequential group, respectively, and estimated values in the PC3 model were 122 (12), 112 (12), 97.8 (4), 105 (13), 132 (7), and 140 (15) for Doc, Cab, concurrent group, interval
group, Doc ∼ Cab, and Cab ∼ Doc sequential group, respectively.

bk1 estimated values (RSE%) in the 22Rv1 model were 0.0251 (7), 0.0306 (6), and 0.0183 (12) for the concurrent groups, interval groups, and Doc ∼ Cab sequential group,
respectively, and estimated values in the PC3 model were 0.0061 (5), 0.0272 (10), 0, and 0.0271 (21) for the concurrent group, interval group, Doc ∼ Cab, and Cab ∼ Doc
sequential groups, respectively.

cA subject was removed during the modeling process since its f approximated to 0.
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sequential treatment exhibited an obvious advantage over
monotherapy. For both the concurrent and Doc ∼ Cab
sequential schedule, Doc combined with a low dose of Cab
could increase the total anticancer effect dramatically. Sub-
sequently, the %TGI value increased modestly with the
increasing dose of Cab, given the same dose of Doc. For
instance, the %TGI was 59.3% for treatment with a 6 mg/kg
per week dose of Doc and 14.0% for monotherapy with a
2.5 mg/kg per day dose of Cab, whereas the %TGI of “Doc 6 1
Cab 2.5” and “Doc 6 ∼ Cab 2.5” were 80.0% and 79.5%,
respectively. However, when the dose of Cab increased to
5 mg/kg per day, the %TGI rose only to 87.3% and 80.9% for
Doc 6 1 Cab 5 and Doc 6 ∼ Cab 5, respectively.

Discussion
In this study on male nude mice bearing 22Rv1 and PC3

xenografts, a semimechanistic PK/PD model with PK interac-
tion, which well characterized the quantitative relationship
between plasma concentration and tumor progression in
various therapeutic regimens of Doc combined with Cab, was

developed for the first time. Simulations-based evaluation
showed that the model performed well in all treatment
schedules.
For Doc, a cytotoxic agent, the responses to treatment were

consistent in vitro and in vivo in both xenograft models, which
can be seen from the IC50 values (9.86 and 4.95 nM for 22Rv1
and PC3 cells, respectively) in vitro and the antitumor effect
coefficient kDoc in two xenograft models (0.000206 for 22Rv1
and 0.000289 for PC3 xenografts). The IC50 values of Cab in
the two cell lines were approximate (13.54 and 12.80 mM for
22Rv1 and PC3 cells, respectively), suggesting that its
cytotoxic effect on both cells is similar and weak. However, a
more than 5-fold difference in the EC50 value estimated from
the PK/PD model in two xenograft models (399 mg/l for PC3
cells vs. 2210 mg/l for 22Rv1 cells) was noticed. As a multi-
targeted tyrosine kinase inhibitor, Cab exhibits strong in-
hibition of phosphorylation of the tyrosine kinase receptor and
corresponding downstream signaling pathways. The differ-
ence in EC50 values means Cab exhibits stronger inhibition of
the phosphorylation of the tyrosine kinase receptor in the
22Rv1 xenograft model than that in the PC3 xenograft model.

Fig. 7. Observed and model-simulated TV-time profiles of 22Rv1 tumor-bearing mice stratified by group. The black hollow dots are the observed data.
The black solid lines represent the medians of prediction value, and the light gray areas depicted the 95% predictive confidence intervals. The black
dashed lines showed the 2.5th, 50th, and 97.5th percentiles, respectively.
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This may be due to different origins and cell type–specific
characteristics (Wu et al., 2013) as well as the different tumor
microenvironments in the two xenograft models. In addition,
recent observation indicated that the PC3 cell line is more
characteristic of prostatic small cell neuroendocrine carci-
noma rather than adenocarcinoma (Tai et al., 2011), so the
results of the PC3 PK/PD model may have more reference
value in small cell carcinoma patients.
The Cab ∼ Doc sequential schedule was less effective than

the Doc ∼ Cab sequential schedule both in vitro and in vivo,
which may be explained by the different effects of the two
drugs on cell cycle arrest (Pan et al., 2011). As an antimicro-
tubule agent, Doc stabilizes microtubules during cell division
and causes cell cycle arrest in the G2/M phase (Bissery, 1995).
However, Cab has been reported to affect the G0/G1 phase of
cell cycle (Lu et al., 2016).When Cabwas given first, cells were
arrested in the G0/G1 phase, leading to reduction in the
proportion of cells in the G2/M phase, and thus may affect
the effect of Doc subsequently. Therefore, the Cab ∼ Doc
sequential regimen was less effective. Similar findings of

schedule-dependent interactions have been reported by sev-
eral teams (Ricotti et al., 2003; Pan et al., 2011; Tamatani
et al., 2012; Wang et al., 2012; Jiang et al., 2014).
Our in vivo experimental results showed that the antitumor

effect of Doc1 Cab concurrent therapy was better than that of

Fig. 8. Observed andmodel-simulated TV-time profiles of PC3 tumor-bearing mice stratified by group. The black hollow dots are the observed data. The
black solid lines represent the medians of prediction value, and the light gray areas depicted the 95% predictive confidence intervals. The black dashed
lines showed the 2.5th, 50th, and 97.5th percentiles, respectively.

Fig. 9. The f value of each combination schedule obtained from PK/PD
models (mean with 95% confidence interval).
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Doc ∼ Cab sequential therapy, although the values of f in the
latter treatment groups were much higher than that in the
former groups (2.09 vs. 0.98, and 3.63 vs. 1.25 in 22Rv1 and
PC3 xenograft models, respectively). This is because the total
doses of the two schedules were different. For a duration of
2 weeks, the mice in the Doc 5 ∼ Cab 10 group were
administered 5 mg/kg Doc and 10 � 7 mg/kg Cab, whereas
the mice in the Doc 5 1 Cab 10 group were administered 5�
2 mg/kg Doc and 10 � 14 mg/kg Cab. The total dose in the
concurrent group was twice that in the sequential group in
2 weeks, leading to smaller tumor sizes in the Doc 5 1 Cab
10 group. Because a higher f value means greater synergy of
PD interactions, the f value estimated from the concurrent
schedule showed no significant PD interaction of the two drugs
since the value of f was close to 1, whereas that of the Doc ∼
Cab sequential therapy showed the synergy of the two drugs.
These results suggest that Doc ∼ Cab sequential treatment
could be a promising therapeutic strategy for prostate cancer
treatment considering long-term drug resistance or toxicity.
Doc and Cab are both substrates of CYP3A4 enzyme (Engels

et al., 2005; Nguyen et al., 2015); therefore, it is necessary to
investigate the PK interaction between them when they are

used in combination. Based on the data from our PK studies, for
mice administeredDoc andCab simultaneously, the area under
the Doc concentration-time curve for 0–12 hours increased by
30% compared with that when Doc was administered alone,
suggesting the likelihood of a PK interaction between Doc and
Cab.We further investigated this possible PK interaction using
a population approach. We considered monotherapy versus
combination treatment as a binary covariate (E_com, 0 for
monotherapy, otherwise to be estimated for combination
treatment) and used the log-likelihood ratio test to evaluate
the significance of E_com. The inclusion of E_com on Doc CL
caused a significant decrease of OFV (222.4; P , 0.001).
Similarly, we investigated the effect of Doc on Cab PK, and
the results showed that the inclusion of E_com on the CL orV of
Cab did not significantly decrease OFV. These results were in
agreement with our speculation. Because Cab was adminis-
tered every daywhereasDocwas given once aweek, the effect of
Doc on Cab PK could be neglected during the modeling process.
Thus, we added the PK interaction only for Doc in the PK/PD
model and finally used eq. 2 to describe the effect of Cab on Doc
CL. We have compared the parameters estimated with or
without PK interaction (Supplemental Tables. S1 and S2). The

Fig. 10. Surface response plots relating Doc and Cab doses to %TGI values generated from simulation based on PK/PD models on day 28. Effect of a
concurrent schedule for Doc + Cab administration on the 22Rv1 xenograft model (A), of a sequential schedule for Doc ∼ Cab administration on the 22Rv1
xenograft model (B), of a concurrent schedule for Doc + Cab administration on the PC3 xenograft model (C), and of a sequential schedule for Doc ∼ Cab
administration on the PC3 xenograft model (D).
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values of f estimated from the model without PK interaction
were higher than those with PK interaction in the concurrent
and interval schedules, indicating that part of the PD in-
teraction of the two drugs was interpreted by PK interaction,
especially in the concurrent schedule.
Since Cab is an angiogenesis inhibitor rather than a

cytotoxic agent, our model took into account the role of tumor
vasculature in tumor growth and shrinkage. In the modeling
process, the model with Cab having both cytotoxic and
antiangiogenic effects has been tested. We found that the
plasma concentration of Cab had almost no impact on
cytotoxicity (kCab was initially estimated at 0.0000001),
whereas the impact on angiogenesis was significant (EC50Cab,
estimated at 399 and 2210 mg/l for the 22Rv1 and PC3models,
respectively). Therefore, in our model structure, the effect of
Cab was assumed on the KP (or Nss) only, although both the
cytotoxicity and antiangiogenesis of Cab had been reported by
Ouerdani et al. (2015). It may be due to the relatively low dose
of Cab in our study (Yakes et al., 2011; Bentzien et al., 2013),
which cannot cause a significant cell-killing effect directly.
To determine the dosing regimens of both drugs, we

referenced those in clinic treatment. The standard dose of
Doc for patients with CRPC is 75 mg/m2 per 3 weeks, and the
equivalent dose in mice is about 18 mg/kg per 3 weeks
according to body surface area, which means 6 mg/kg per
week in mice equivalently. The simulated %TGI for both
22Rv1 and PC3 tumor-bearing mice on day 28 under the
treatment of 6 mg/kg per week Doc could be augmented
notably when combined with a low dose of Cab (2 or 2.5 mg/kg
per day, equivalent to 15–20 mg/d in humans), especially in
the PC3 xenograft model. It can be seen from Fig. 10, C and D
that the %TGI was 59.3% for Doc 6 mg/kg per week mono-
therapy, whereas the %TGI values of Doc 61 Cab 2.5 and Doc
6 ∼ Cab 2.5 were 80% and 79.5%, respectively. Notably, it has
been reported that, compared with the 140 mg daily dose of
Cab used in thyroid cancer, lower doses of 60 and 40mg daily in
prostate cancer phase II studies demonstrated lower toxicity
without compromising efficacy (Lee et al., 2013; Vaishampayan,
2014). Therefore, a small dose of Cab may enhance efficacy
when combined with Doc in the treatment of CRPC.
In summary, the proposed PK/PD model quantitatively

described the relationship between the plasma concentration
and the anticancer efficacy of Doc and Cab in different
schedules for the treatment of CRPC in mice. However, the
developed model was not able to make simulations apart from
the experimental schedules since the parameter f was
empirical and varied among schedules. The current model
needs to be further optimized after we obtain more mechanis-
tic data in the future. In our study, concurrent treatment with
Doc and Cab showed better tumor inhibitory efficacy than
monotherapy, the Doc∼Cab sequential schedule was superior
to monotherapy, whereas the Cab ∼ Doc sequential schedule
was less effective. PK/PD modeling results indicated that the
two drugs exhibited optimal synergy under the Doc ∼ Cab
sequential schedule. The developed PK/PDmodelmay provide
reference for the rational use of chemotherapeutic drugs in
combination with antiangiogenic agents.
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