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Aim: Combined therapy of EGFR TKI and VEGFR TKI may produce a greater therapeutic benefit and overcome EGFR TKl-induced
resistance. However, a previous study shows that a combination of EGFR TKI erlotinib (ER) with VEGFR TKI sunitinib (SU) did not
improve the overall survival in patients with non-small-cell lung cancer (NSCLC). In this study we examined the anticancer effect of ER,
SU and their combination in the treatment of A549 human NSCLC xenograft mice, and conducted PK/PD modeling and simulations to
optimize the dose regimen.

Methods: ER (20, 50 mgkg™d™) or SU (5, 10, 20 mgkg™d™) alone, or their combination were administered to BALB/c nude mice
bearing A549 tumors for 22 days. The tumor size and body weight were recorded daily. The experimental data were used to develop
PK/PD models describing the quantitative relationship between the plasma concentrations and tumor suppression in different dose
regimens. The models were further evaluated and validated, and used to predict the efficacy of different combination regimens and to
select the optimal regimen.

Results: The in vivo anticancer efficacy of the combination groups was much stronger than that of either drug administered alone. A
PK/PD model was developed with a combination index (¢) of 4.4, revealing a strong synergistic effect between ER and SU. The model
simulation predicted the tumor growth in different dosage regimens, and showed that the dose of SU played a decisive role in the
combination treatment, and suggested that a lower dose of ER (<5 mgkg™d™) and adjusting the dose of SU might yield a better dosage
regimen for clinical research.

Conclusion: The experimental data and modeling confirm synergistic anticancer effect of ER and SU in the treatment of A549 xenograft
mice. The optimal dosage regimen determined by the PK/PD modeling and simulation can be used in future preclinical study and
provide a reference for clinical application.
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in NSCLC patients'™. Erlotinib is able to reversibly bind to
the intracellular tyrosine kinase domain of epidermal growth

Introduction
Lung cancer is the leading cause of cancer-associated death

worldwide, and non-small-cell lung cancer (NSCLC) accounts
for approximately 85% of all cases”?. Erlotinib (ER) is an
orally active, small-molecule tyrosine kinase inhibitor (TKI)
and was first approved by the Food and Drug Administration
in 2004 for the treatment of locally advanced and metastatic
NSCLC after the failure of at least one prior chemotherapy
regimen; erlotinib was only approved for EGFR mutations
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factor receptor (EGFR) and inhibits EGFR autophosphoryla-
tion, which then inhibits cell proliferation. Several clinical
trials have proven that erlotinib could prolong survival with
a promising objective response rate in patients with non-
small-cell lung cancer after the failure of first-line or second-
line chemotherapy™?. Sunitinib is a promising multi-targeted
receptor tyrosine kinase (RTK) inhibitor with activity against
the vascular endothelial growth factor receptors VEGFR-1 and
-2, the platelet-derived growth factor receptors PDGFR-a and
-p, and the stem-cell factor receptor KIT in many types of can-
cer?, Among these RTKs, VEGFR is associated with signal-



ing pathways that regulate the process of angiogenesis and the
growth of tumor endothelial cells'®!.

A known challenge to the use of EGFR TKIs in clinics is
their resistance, including primary resistance and acquired
resistance”’. Because the EGFR and VEGFR pathways play a
pivotal role in tumor progression and there are many complex
functional relationships and crosstalk between these two path-
ways', it is reasonable to consider simultaneously targeting
EGFR and VEGEFR to achieve a greater therapeutic benefit and
to overcome EGFR TKI-induced resistance. Several preclinical
studies have demonstrated promising results for this com-
bination therapeutic strategy. Vandetanib, a multitargeted
TKI that inhibits the EGFR and VEGFR pathways, shows
significant tumor growth inhibition activity and is effective in
overcoming EGFR inhibitor resistance in xenograft models'.
In addition, the combination of vargatef (VEGFR TKI) and afa-
tinib (EGFR TKI) shows synergistic activity in colorectal can-
cer models better than the combination of bevacizumab (VEGF
monoclonal antibody) and cetuximab (EGFR monoclonal anti-
body), which provided a rationale for the use of the two TKIs

together[w].

In a global, randomized, phase III trial in patients
with NSCLC that were previously treated with chemotherapy,
cotreatment with erlotinib and sunitinib did not improve
the overall survival, although there were increased rates of
progression-free survival (PFS) and objective response rate

M Based on the incon-

(ORR) compared with erlotinib alone
sistent results between the preclinical and clinical experiments,
our aim was to understand the reason for the unsatisfactory
outcome of the above clinical trial using a pharmacokinetic/
pharmacodynamics (PK/PD) modeling approach and further
provide more reasonable dose regimens based on our model
simulation, which might provide a reference for the design of
clinical trials.

With the increasing risks and costs of drug development,
model-based drug development has been widely used. Using
mathematical and statistical methods, PK/PD modeling is
able to describe the quantitative relationship between the drug
concentration and the drug effect. Based on the estimated
parameters from a PK/PD model, different types of dose regi-
mens and experimental designs could be tested and optimized
by modeling and simulations without conducting trials, which
saves time and cost and also helps with making decisions con-

cerning the details of further trials™?

. Some preclinical and
clinical studies concerning the trial design optimization of the
combination therapy for cancer treatments have applied PK/
PD modeling, which provides new thinking regarding predict-
ing outcomes, making decisions and optimizing dosage regi-

0531 For example, Wang et al" found that a change in

mens
tumor size at week 8 is meaningful for the early prediction of
the clinical outcome of NSCLC, and a modeling simulation in
the work from Li et al™ indicates that an interval schedule of
erlotinib and gemcitabine could achieve synergistic anti-tumor
effects and is superior to simultaneous treatment.

The purpose of our study is to investigate the anti-tumor
efficacy of the cotreatment of erlotinib and sunitinib in vitro

and in an A549 xenograft model and to further develop and

www.chinaphar.com
LiJy etal

test a PK/PD model of erlotinib, sunitinib and combination
therapy to describe the relationship between the plasma con-
centration and tumor size and to quantitatively investigate the
PD interaction of ER and SU. Based on the PK/PD model and
the estimated parameters, a model simulation was performed
to optimize the dose regimens and to further provide reason-
able suggestions for the clinical application of EGFR TKIs.

Materials and methods

Drugs and reagents

ER and SU were purchased from Melone Pharmaceutical
Co, Ltd (Dalian, China). SU12662 was obtained from MCE
(Neodesha, KS, USA). Pazopanib (purity>99%) was pur-
chased from Melone Pharmaceutical Co, Ltd (Dalian, China)
and used as an internal standard (IS) in the pharmacokinet-
ics study. RPMI-1640 medium and fetal bovine serum were
purchased from Macgene Biotech Co, Ltd (Beijing, China) and
Gibco (Grand Island, USA), respectively.

Cell culture

Primary resistant A549 human non-small cell lung cancer
(NSCLC) cells were purchased from the Chinese Academy of
Medical Sciences Cancer Hospital (Beijing, China) and were
grown in RPMI-1640 medium containing 10% fetal bovine
serum. The cells were maintained at 37 °C under 5% CO, and
95% atmosphere.

Animals

Female BALB/c nude mice (16-18 g) were purchased from the
Animal Service of Health Science Center, Peking University.
All the animals were kept in individual ventilated cages (IVC)
at a humidity of 50%-60% and 25-28°C and were controlled
under 12 h light/dark cycles. All the animal studies were
approved by the Institutional Animal Care and Use Commit-
tee of Peking University and were conducted under the Prin-
ciples of Laboratory Animal Care (NIH publication No 85-23,
revised 1996).

Pharmacokinetic study
A LC-MS/MS method to determine the plasma concentration
of ER in BALB/c nude mice was developed in our previous

work!®,

A two-compartment model was used to describe
the pharmacokinetic behavior of ER in BALB/c nude mice
after the oral administration of 12.5 mg/kg ER. The LC-MS/
MS method to measure the plasma concentration of SU and
its active metabolite SU12662 simultaneously in BALB/c
nude mice was established in another previous study by our
group””.. SU was administered by gavage at 20 mg/kg to
BALB/c nude mice, and two- and one-compartment models of
SU and SU12662 were included in the pharmacokinetic model
of SU. The pharmacokinetic parameters of ER and SU were
extracted from the above PK studies.

Pharmacodynamic study in vivo
A total of 5x10° A549 cells, which are primarily resistant to
ERY, were suspended in 200 pL RPMI-1640 with no fetal
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bovine serum and inoculated subcutaneously in the right flank
of the mice. An electronic Vernier caliper was used to measure
the length and width of the tumors, and the tumor volumes
(TV) were calculated according to the following formula: TV
(cm®)=lengthxwidth®/2"™. When the tumor size reached 0.7-
0.9 cm’, the animals were randomly divided into 9 groups, and
each group contained 5 nude mice. These 9 groups of nude
mice received different treatments according to the following
groups: a vehicle control group, ER monotherapy groups (20
or 50 mg/kg), SU monotherapy groups (5, 10, and 20 mg/kg),
and ER and SU combination groups (ER 10 mg/kg and SU 5
mg/kg, ER 10 mg/kg and SU 10 mg/kg, ER 20 mg/kg and
SU 20 mg/kg). ER was dissolved in a 4% SBE-B-CD Captisol
solution, and SU was prepared with 1,2-propanediol. The 4%
SBE-B-CD Captisol solution, 1,2-propanediol, and the differ-
ent doses of ER and SU were orally administered once daily
according to the different groups for 22 d, and the nude mice
of all the groups were euthanized afterwards to collect tumor
samples. The tumor size and body weight were recorded
every day during the study.

PK/PD models

The tumor natural growth model used in this study was sug-
gested by Simeoni et al™. The model describes the two differ-
ent phases of the vehicle control group: an initial exponential
growth followed by a linear growth. The assumed tumor
growth switches from exponential to linear growth at a thresh-
old tumor mass (wy,). The differential equations used (Eqs

1-3) are as follows:
dX(t)

4 =ho Xa(t), Xa()wa, )
d)ccllt( . =, Xa(t)>wi, @)
w(0)=w, ®)

where Ay and A\, represent the rates of exponential and linear
growth, respectively, and w, represents the tumor size at time

01is 0. wy, could be expressed using A, and A; as follows:

}\1=}\O'Wth (4)

For a more convenient computational method, Eqs 1-3 could
be expressed in a single differentiable function as Eq 5:

dXi(t) Ao X (t)
B v 1/y 5
W e wl 1 o
WO)=X,(0) ©

where y is an adjustment factor. When y is large, Eq 5 is a
good approximation for Eqs 1-3. In this transformation, when
the tumor size is smaller than wy, {(A¢/N\)-w(t)}* could be
ignored, and Eq 5 represents the exponential growth phase of
tumor growth. If the tumor size is larger than wy, 1 is negligi-
ble, and Eq 5 describes the linear growth phase. In this study,
we fixed y to 20 according to a previously published study™.
The drug effect on tumor growth could be established based
on the tumor natural growth model. The PK/PD model struc-
tures of ER and SU monotherapy, which were suggested by
Simeoni et al, are represented in Figure 1™, The tumor natu-
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Figure 1. The PK/PD model structure of erlotinib (A) and sunitinib (B).
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ral growth model assumes that all cells are proliferating (X;) in
the control group. The single agent model assumes that some
cells became damaged by the anticancer drug and transfer to
the nonproliferation state (X,, X, X,) and further became dead
cells through a mortality chain. The hysteresis phenomenon
between the anticancer drug concentration and the inhibition
of tumor growth could be described by this model. Based on
the attempts of one to three transit compartments in both ER
and SU monotherapy, three transit compartments in the ER
PK/PD model and one transit compartment in the SU PK/PD
model were applied in this study.

The differential equations of the PK/PD model of ER are as
follows:

dX(t) Ao X (t) Emax, BR’ CZ,]ER
= - R X ()
R (0 KA Y
dXo(t)  Enax, ER'CglER ) _ .
dtECh oy O e ®
% =k, pr Xa(t) — ko, gr Xa(t) ©)
d)c(ft(t) =k1, ER'Xa(t) - kl,ER'X4(t) (10)
w(1)=X(t)+Xo(t) + X5 (1) + X4 (t) (11)
X,(0)=wy 12)
X5(0)=X5(0)=X,(0)=0 (13)

where C, g is the ER concentration of the central compart-
ment, E,,, g is the maximal potency factor of ER, ECs gy is the
plasma concentration of ER when the potency reaches 50% of
E oy v Y115 the shape factor, and ky g is the transit-rate con-
stant in the nonproliferation compartments. A, and A, were
fixed according to the results of the tumor natural growth
model parameters.

Similar to ER, the differential equations of the PK/PD model
of SU are as follows:

dX(t)
dt

_ ho Xa(t) _ Emax,SU'CgIZJ X
= a v v BCR.+Cn 1(t)
[1+(TO.W(t))] 50,SU™ “SU
1

(14)
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AXot) _ EmasCl o oo,
dt ECl su*+Ceo X, () —ky, 50 X, (1) (15)
w(t)=X;(t)+X,(t) (16)
X1(0)=w, 17)
X,(0)=0 (18)

where Cqy is the effective plasma concentration of SU, which is
the total plasma concentration of SU and its active metabolite
SU12662 because both compounds have similar potency and
molecular weight. E,, sy is the maximal potency factor of SU,
EGC;), sy is the plasma concentration of SU when the potency
reaches 50% of E,.x su, Y2 is the shape factor, and k; ¢y is the
transit-rate constant in the nonproliferation compartments. A,
and A; were also fixed according to the tumor natural growth
model established above.

In the combination groups, the combination index (¢) was
introduced into the PK/PD model to explain the effect of the
interaction of the two drugs on the drug potency™, and the
model structure is shown in Figure 2. If there was no interac-
tion between the two drugs, ¢ would equal 1, which indicates
that the combinatorial effect of the two drugs is additive. If ¢
is larger or smaller than 1, the total influence of the combina-
tion therapy on tumor growth was greater or less than either
one drug alone, which indicates that there is a synergistic
effect or an antagonistic effect between the two drugs. All
the drug potency parameters were fixed according to the
monotherapy PK/PD model, including the parameters E, . gr,
ECsy, kr, Emax, sus ECso, sy and the shape factors of ER and SU.
The differential equations of the PK/PD model of the combi-
nation group are as follows:

dx; (t) - ho' Xy (t)
d [1+<%j w(v)']

(19)
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dﬁ(t) = Ky Xo(t) =Ky Xs(t) (21)
dﬁ‘;(t) = Ky X5(t) —ky- X, (t) (22)
W (t)=X (1) +Xa(t) + X5 (1) + X (t) (23)
X;(0)=w, (24)
X5(0)=X5(0)=X4(0)=0 (25)

where k; denotes the transit rate in the combination model. A,
and \; were also fixed according to the tumor natural growth
model, and the other parameters were as defined above.

Modeling construction, validation and simulation

All modeling and simulations were conducted using NON-
MEM 7.1.2 (ICON Development Solutions, Ellicott City,
MD, USA) and Perl-speaks-NONMEM (PsN, Version 3.5.3)
with the first order conditional estimation (FOCE) method.
An exponential model was used to characterize the inter-
individual variability, and the relative standard errors (RSE)
were provided to evaluate the precision and reliability of the
parameters. Proportional, additive or the mixed error models
were chosen according to the situation. The model selection
and evaluation depended mainly on the comprehensive analy-
sis of the reasonability of the parameters, the change in the
objective function value (OFV), and a visual inspection of the
visual predictive check (VPC) plots and the diagnostic plots.
The low dose data of both SU monotherapy (5 mg/kg SU) and
the combination therapy (5 mg/kg SU and 10 mg/kg ER) were
used for the external validation of the PK/PD models, and
the data from the vehicle control group and other treatment
groups were used for model development. The VPC was con-
ducted using 1000 simulations, and the 5th, 50th, and 95th per-
centiles of the simulations were compared with the observed
value. The simulations of different dose regimens were per-
formed by fixing all parameters obtained from the PK/PD
models developed above. In the simulation of monotherapy
treatments, 5, 20, 50, 80, and 100 mg/kg of ER and 10, 15, 20,
40, and 60 mg/kg of SU were considered. ER at 5 mg/kg with
different doses of SU (10, 15, and 20 mg/kg) was considered,
with the two compounds being given simultaneously. ER and
SU were administered every day in all schedules.

Statistical analysis

The PD results are presented as the mean+SD, and the sta-
tistical analysis was completed using GraphPad Prism 5.0
software (GraphPad Software, Inc, USA). A one-way analysis
of variance (ANOVA) was used to determine the significance
among groups, followed by post hoc tests with Bonferroni’s
correction. A difference at a level of P<0.05 was considered
statistically significant.

Results

Tumor growth inhibition of ER, SU and combination therapy

The anti-tumor effect and a photo of the excised tumor of dif-
ferent dose regimens of ER and SU given separately or simul-
taneously, as well as the body weight, are shown in Figure 3.
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The combination of ER and SU was associated with a possible
synergistic effect compared with the control and monotherapy
groups at all 3 dose levels. In addition, the inhibitory effect in
the combination group was even stronger than that of a double
dose of ER alone. The mouse weights did not show notable
reduction in any treatment groups, suggesting little systemic
toxicity. The PD data profiles of the different dose regimens,
except that of 5 mg/kg SU alone and that of 5 mg/kg SU and
10 mg/kg ER, were applied to develop the PK/PD models in
the next steps.

PK/PD model

The PK models were developed based on the administration
of the two compounds given alone. The PK models of SU,
its metabolite SU12662, and ER were developed by previous
work by our group and are well verified"® .. The xenograft
model used in this report was identical to those for both PK
studies, and the doses of both drugs in this PD study are
within the range of their linear PK. This simulation method
has been widely used to obtain plasma concentrations of dif-
ferent doses when the PK parameters are well known. The
PK characteristics of ER and SU were both linear under our
treatment conditions. Therefore, we used the PK parameters
of both drugs to simulate their plasma concentration-time pro-
files. The PK parameters extracted from our previous work on
ER and SU are summarized in Table 1, and the concentration-
time curves simulated from the PK model according to the PD
study are shown in Figure 4.

Table 1. Pharmacokinetic parameters obtained from literatures.

ER Su

CLer/F (mLkg™d®) 19000 CLgy/F (mLkg™d™) 254000

V, er/F (ML/Kg) 885 V, su/F (mL/kg) 32300
Qer/F (MmLkg™d™) 763 Qsu/F (mLkg*d?) 708000

V, er/F (ML/Kg) 168 V,, su/F (ML/Kg) 28400

Ko gr (dY) 22.6 Ko su(d™) 50.9

- - Frn s 0.583
- - Vi, su/F (ML/KE) 1710

-— - CLy, so/F (mLkg™d™) 247000

We developed a PD model for the vehicle control group and
PK/PD models for the treated groups. First, the tumor natural
growth model was established, and the parameters of the con-
trol group are shown in Table 2. Based on the hypothesis that
an anticancer agent only influences the rate of the transition
from the proliferating compartment to the non-proliferating
compartment and has no effect on proliferating cells, we fixed
Ao and A; in the drug-perturbed group to the same value of
the unperturbed group. The parameters of the groups treated
with different dose regimes are summarized in Table 2. Sig-
moid models were used to describe the potency of different
doses of both drugs, and the parameters from a single agent
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therapy (mean+SD, n=5). "P<0.05, ""P<0.01. (D) represents the body weight change in BALB/c nude mice bearing an A549 xenograft after different
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Table 2. Pharmacodynamic parameters estimated from PK/PD models.

. Combination
Parameters Vehicle (RSE%) (CV%) ER (RSE%) (CV%) SU (RSE%) (CV%) (RSE%) (CV%)
Wo (cm?3) 0.0662 (12) (28.27) 0.054 (5) (31.40) 0.0549 (1) (15.78) 0.0557(7) (24.68)
Ao (d) 0.0799 (7) (16.09) 0.0799 FIX 0.0799 FIX 0.0799 FIX
A (d%em?) 0.0354 (2) (0 FIX) 0.0354 FIX 0.0354 FIX 0.0354 FIX
] 20 FIX 20 FIX 20 FIX 20 FIX
ECso, r (ME/ML) - 8.74 (9) (O FIX) - 8.74 FIX
Epex er (d) - 0.474 (4) (115.8) 0.474 FIX
Vi - (7) (O FIX) 719 - 7.19 FIX
Ky eq (d™) - 1.35 (5) (140.4) - 1.35 FIX
ECso,su (ME/ML) - - (14) (O FIX) 0.355 0.355 FIX
Epax su (d™) - - (20) (O FIX) 0.275 0.275 FIX
Yo - - (14) (74.50) 3.77 3.77 FIX
Ky sy (d™) - - (28) (20.59) 8.3 8.3 FIX
) - - - 4.4 (14) (53.38)
ky (d™) - - - 4.26 (6) (96.75)
Residual error (RSE%)
0,2 (Proportional) 0.0175 (38) 0.018 (4) 0.0145 (2.91) 0.0158 (8)
0,2 (Additive) 0.00016 (46) 0 FIX 0 FIX 0.00003 (19)

were fixed in the combination groups. The ECs, gz was larger
than the ECs o, implying that SU was more potent than ER in
the A549 xenograft model. By comparing the average transit
time (n/k;, which was 3/1.35, 1/8.3, and 3/4.26 d for the ER,
SU and combination treatments, respectively. n is the num-

ber of transit compartments)™

, we found that the hysteresis
phenomenon is stronger in the ER group than the SU group,
and the combination group was between the two monothera-
pies. The combination index ¢ was introduced in the model to
describe the interaction of the two drugs, and the typical value
of @ was 4.4, suggesting that a strong synergistic effect existed
between ER and SU. The RSE of all the model parameters
were small, indicating reliable and precise parameters.

The VPC results of the different treatment groups are shown
in Figure 5. The 50th percentiles of the predictions nearly pass
through the middle of observed value, and the most observed
values were within the 90% confidence interval of the pre-
dictions, suggesting that the model could fit the current PD
data very well and also had a high predictability. To further
understand the extrapolation ability of the models, the tumor
growth data of 5 mg/kg SU and 5 mg/kg SU with 10 mg/kg
ER were used to perform an external validation of the PK/PD
models of the SU monotherapy and the combination therapy,
respectively. Figure 6 shows the external validation results,
which indicated that both models had satisfactory extrapola-
tion ability within a certain dose level. The goodness-of-fit
plots provided in Supplementary Figure S1 also demonstrate
the fitness of the models.

Model simulations
To optimize the therapeutic regimen of the combination of ER
and SU for the treatment of primary resistant NSCLC and to
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investigate the characteristics of the coadministration of two
anticancer drugs, a simulation of the tumor volume-time pro-
files for a series of different dosage regimens was performed
by fixing the PK and PD parameters. The simulation results
are shown in Figure 7. The dose-dependent efficacy was
found for both of the drugs and the combination group; 100
mg/kg ER, 60 mg/kg SU and 5 mg/kg ER with 15 mg/kg SU
could all stop the tumor growth (the red solid line). Further-
more, 60 mg/kg SU and 5 mg/kg ER with 20 mg/kg SU could
shrink the tumor size (below the red solid line). The total dose
of the combination group was smaller than one single agent
alone to achieve the same standard of tumor growth inhibi-
tion. When ER was fixed at 5 mg/kg, the anticancer efficacy
was significantly strengthened as the dose of SU increased,
and the tumor growth curve of 5 mg/kg ER with 20 mg/kg
SU was almost the same as that of the high dose group (20
mg/kg ER with 20 mg/kg SU) in the nude mouse experiment.

Discussion

The anticancer efficacy of the coadministration of ER and
SU did not have the expected effect in a phase III trial with
NSCLC patients previously treated with chemotherapy™.. To
further understand the reason for this unsatisfactory clinical
outcome, we hypothesized that different dose regimens might
markedly influence the effects of the treatment, and a change
in the dose regimen might lead to a satisfactory response.
Therefore, PK/PD modeling and simulation based on pre-
clinical data were used in this study to test our assumption.
First, an A549 xenograft model was established to conduct an
in vivo experiment to investigate the tumor growth inhibition
of ER and SU alone and the combination therapy. The results
showed that the combination therapy exerted much stronger
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Figure 5. The VPC results of the PK/PD models in BALB/c nude mice bearing an A549 xenograft using a simulation that was conducted 1000 times.
(A) Control group, (B) 20 mg/kg ER, (C) 50 mg/kg ER, (D) 10 mg/kg SU, (E) 20 mg/kg SU, (F) 10 mg/kg ER and 10 mg/kg SU, and (G) 20 mg/kg ER and
20 mg/kg SU. The range between the dashed lines represents the 90% confidence intervals, the solid lines are the medians of the simulated data, and

the solid dots are the observed data.
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of ER alone, SU alone, and their combination treatment, respectively. D, E, and F represent the comparison of 5 mg/kg ER combined with SU at 10

mg/kg, 15 mg/kg and 20 mg/kg, respectively.

efficacy compared with the vehicle and single agents. In addi-
tion, based on the PK parameters from our previous work and
the PD data from the in vivo experiment, PK/PD models of the
vehicle and treated groups were developed. Finally, based
on the parameters of the PK/PD models, simulations were
performed to optimize the dose regimen for the combination
therapy and to elucidate the possible reason for the failure of
the above clinical trial.

In the PK profile, it is necessary to consider the PK inter-
actions between the two drugs because ER and SU are both
metabolized by the CYP34A pathway®'. Clinical research

Acta Pharmacologica Sinica

has indicated that the treatment of SU with ER does not affect
the pharmacokinetics of ER but might result in an increase in
the catabolism of SU, which results in decreased exposure to
the parent drug and increased exposure to the metabolite™.
Because SU12662 (N-desethyl-sunitinib), the main active
metabolite, has equipotent competence, similar protein bind-
ing capacity and molecular weight to its parent drug?® *!,
we assume that the coadministration of ER and SU did not
influence the total anticancer effect of SU. Therefore, the PK
interactions between ER and SU might be ignored. For the
same reason mentioned above, the total concentration of SU
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and SU12662 was taken as the effective concentration to link
the PD model. The PK/PD model could be simplified with a
lesser number of parameters. The PK profiles of the combina-
tion model were derived from the simulation based on the PK
parameters obtained from the previous study in which the
PK/PD models were established.

In regard to natural tumor growth, several models were
used in an attempt to fit the available data. Although Gilbert
Koch’s model™ described tumor growth as a smooth curve
between the two growth phases, the linear growth parameter
A\; could not be obtained in our model development. A semi-

mechanistic model suggested by Simeoni™

was eventually
adopted in this study, with ¢ fixed at 20, with the assumption
of a threshold tumor mass (wy,) existing between the expo-
nential growth and linear growth phases. We did not try the
Gompartz model or the Logistic model because the shape of
the tumor growth curve of the vehicle group did not have the
typical S-shape.

We tried various commonly used model structures to fit
both the monotherapy and combination data many times
during the development of the PK/PD models. The models
attempted include the linear PK/PD model, the E,,,, model
and the sigmoid model. We found that the E,,, model
allowed a better adherence to the observed data. In addition,
we tried to model individual arms to examine the single arm-
specific drug parameters. However, the linear model could
hardly fit two dose levels and confirm the external validation
at the same time. Additionally, the parameter k; was unstable
when the classic E,,,x model was applied during the fitting
process. The sigmoid model was used last with a satisfac-
tory predictability and promising extrapolation ability. In the
treatment of cancer, there is always a delay between the drug
efficacy and drug concentration. To describe this phenom-
enon in this study, some transit compartments with the same
first-order transit rate k; were applied, as recommended by

[25, 26]

Jusko and Savic The number of transit compartments

(7.8 ‘and we used different

was always 3 in the previous study
transit compartment numbers from 0 to 4 to investigate model
fitting. Ultimately, the PK/PD model of the ER group and the
combination group included 3 compartments, and the model
of the SU group contained one compartment.

As for the PK/PD model of the combination group, the
combination index ¢ was introduced in the model to further
understand the drug interaction between the two drugs®. ER
and SU are both TKIs, and their anticancer efficacy is exerted
via inhibiting tyrosine kinase phosphorylation. We tried to
add ¢ to either ER or SU, and instability was exhibited when
adding @ to ER. Therefore, ¢ was added to SU in the final
PK/PD model. Based on the PK/PD model developed above,
the typical value of ¢ is 4.4, which indicates that the anticancer
efficacy of ER was strengthened greatly by SU when it was
simultaneously given with SU. To further understand the
characteristics of the coadministration of the two anticancer
drugs and to provide a better reference dose combination for
clinical trials, the tumor growth of a series of different dos-
age regimens was predicted by a model simulation according

to the model developed above. As shown in the simulation
results, the anticancer efficacy of SU alone was more potent
than that of ER alone, which agrees with the finding that A549
cells are primarily resistant to ER, and SU has a smaller ECs,,
value (0.355 pg/mL) compared with that of ER (8.74 pg/mL).
In addition, the simulation results indicated that the anticancer
efficacy was more sensitive to a change in the SU dose level
when coadministered. We conducted a simulation in which
SU was fixed and ER was changed to different dose levels in
the combination treatment. However, the tumor size changed
little compared to SU used alone under this condition. There-
fore, the dose level of ER could be kept at very low level, such
as 5 mg/kg or lower, and the risk of toxicity could be reduced.
From our simulation results, we found that the treatment of 5
mg/kg ER with 20 mg/kg SU completely inhibited the tumor
growth. The mass ratio of ER to SU was 1/4, suggesting that
more SU in the combination therapy is required. However,
in the combination therapy that was mentioned above in
the phase III clinical trial, the dose ratio of ER to SU was 4/1
(the dosage of ER and SU were 150 mg/kg and 37.5 mg/kg,
respectively)"l. This dosing was the complete opposite to
our simulated optimal regimen, with the ratio of 1/4, which
indicates one possible reason for the unpromising results of
the clinical study. Therefore, the PK/PD model established in
our study could predict the characteristics of tumor growth in
different treatment groups and could offer insights for clinical
dose guidance of the coadministration of ER and SU.

Conclusion

For the first time, our study developed a PK/PD model of
the combination treatment of ER and SU in female BALB/c
nude mice with NSCLC. This model quantitatively described
the relationship between the plasma concentration and the
anticancer efficacy and the PD interaction of the two drugs,
and the model predicted the tumor growth characteristics of
different dose regimens. The value of the combination index
¢ (4.4) indicated a strong synergistic effect of ER and SU in
the treatment of primary resistant NSCLC, and the anticancer
efficacy of ER was greatly strengthened when administered
with SU. The SU dose was found to play a decisive role in the
combination treatment, indicating that a lower dose of ER and
adjusting the dose of SU might yield a better dosage regimen
for clinical research. The outcome of this study suggests an
interesting hypothesis to be tested in the clinic, and the pre-
clinical PK/PD models developed in our study might provide
a reference for the dose selection of the combination therapy
of ER and SU in cancer treatment.
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