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Introduction

Pancreatic adenocarcinoma is the fourth leading cause of 
cancer deaths in the USA, with a 5-year survival rate of 
only 6 % [1]. The current first-line therapy for patients with 
advanced pancreatic cancer is gemcitabine (GEMZAR, 
Eli Lilly, Indianapolis, IN) [2]. However, with a tumor 
response rate of <10 % [2], gemcitabine exhibits limited 
efficacy, so there exists a need for new treatment strategies 
and agents.

Drug combinations are used widely in cancer treatment 
because they offer the possibility of affecting cancer cells 
through different molecular mechanisms. Gemcitabine is 
often used with a DNA-damaging agent [3]. Trabectedin 
(YONDELIS®, Et 743; PharmaMar S.A.U., Madrid, Spain) 
is a potent DNA-interacting compound that was isolated 
from the marine organism Ecteinascidia turbinata [4] and 
is now produced synthetically [5]. It was approved by the 
European Medicines Agency for the treatment of soft tis-
sue sarcoma and platinum-sensitive relapsed ovarian cancer 
and was approved by the FDA on Oct. 23, 2015, for treat-
ment of patients with advanced soft tissue sarcomas. Both 
gemcitabine and trabectedin target DNA. Gemcitabine is a 
nucleoside analog that requires intracellular phosphoryla-
tion after entering cells through a nucleoside transporter 
[6]. Gemcitabine triphosphate (dFdCTP) is incorporated 
into DNA and RNA and causes stalling of DNA replica-
tion. Trabectedin has a unique mechanism of action; it is 
composed of tetrahydroisoquinoline rings (A and B) that 
can form a covalent bond in the DNA minor groove at the 
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N2 position of guanine. The tetrahydroisoquinoline (subu-
nit C) also interacts with DNA-binding proteins [7]. Both 
gemcitabine and trabectedin are cell cycle-specific agents 
[8–11]. Trabectedin can also inhibit the expression of 
oncogenes involved in drug resistance and genes involved 
in DNA repair pathways [12]. In combination, trabectedin 
may work synergistically with gemcitabine by blocking 
cell cycle progression and inducing apoptosis.

In a phase I pharmacokinetic study in patients with 
advanced solid tumors, gemcitabine followed by trabect-
edin showed no pharmacokinetic interaction [13]. However, 
pharmacodynamic studies of drug interactions between 
gemcitabine and trabectedin have not been reported. There-
fore we examined the chemotherapeutic effects of gemcit-
abine and trabectedin in two pancreatic cancer cell lines.

Traditional methods [14, 15] to model drug–drug inter-
actions such as the response-surface approach character-
ize data from a large range of concentrations at one time 
point. However, the dimension of time is not considered. 
Furthermore fitted parameters may vary with drug exposure 
time, concentration, and schedule [16]. More advanced 
approaches can include cell or tumor dynamics in order to 
characterize time-dependent data [16–18]. Here we advance 
PD modeling of drug interactions by extending the single-
drug chemotherapy model of Lobo et al. [19] to character-
ize simultaneously both single- and combined drug effects, 
and add an interaction parameter ψ [20, 21] to quantify 
cytotoxic effects of the combinations. This approach can be 
applied in general to characterize drug combination effects 
in dimensions of both time and concentration.

Materials and methods

Experimental methods

Drugs and reagents

Gemcitabine hydrochloride from Eli Lilly (Indianapo-
lis, IN) was prepared as a 50 mM stock solution in ster-
ile double-distilled water and stored as aliquots at −20 °C. 
Trabectedin, obtained as a gift from PharmaMar (Madrid, 
Spain), was prepared by dissolution in dimethylsulfoxide 
(DMSO) at a concentration of 1 mM, and stored at −20 °C. 
Fresh dilutions were prepared for each experiment. The 
highest concentration of trabectedin added to cells resulted 
in a final concentration of <0.1 % (v/v) DMSO in the cul-
ture medium.

Cell culture

In vitro experiments were performed with two human pan-
creatic cancer cell lines, MiaPaCa-2 and BxPC-3, which 

were obtained from American Type Culture Collection 
(Manassas, VA). Media and serum were obtained from 
Cellgro (Manassas, VA). MiaPaCa-2 cells were cultured in 
DMEM supplemented with 10 % (v/v) fetal bovine serum 
(Atlanta Biological, Lawrenceville, VA), and BxPC-3 cells 
were cultured in RPMI 1640 with 10 % (v/v) fetal bovine 
serum and 1 % (v/v) sodium pyruvate (Gibco BRL, Gaith-
ersburg, MD). Both cell lines were grown in monolayer 
culture at 37 °C in a humidified atmosphere with 5 % CO2 
in 75-cm2 tissue culture flasks (BD Biosciences, Bedford, 
MA).

Cell proliferation assay

Aliquots of approximately 2.0 × 104 cells were seeded 
in 24-well culture plates (BD Biosciences, Bedford, MA) 
with 1 mL fresh medium and allowed to adhere overnight. 
Then cells were exposed to increasing concentrations of 
gemcitabine and trabectedin alone and combined (Table 1). 
Triplicate wells were used for each exposure time and drug 
concentration. Control treatments consisted of sterile dou-
ble-distilled water or DMSO as appropriate. Sixteen differ-
ent combinations of drug concentrations spanning a reason-
able range were selected. Cell counts were obtained every 
day for 5 days. Cell monolayers were washed twice with 
PBS (Gibco, Grand Island, NY), detached with trypsin, and 
counted using a Coulter Counter (Beckman Coulter, Hia-
leah, FL).

Mathematical modeling

Determination of IC50

To select reasonable pairs of drug concentrations for the 
dynamic study, the IC50 of both drugs as single agents was 
determined over an exposure time of 3 days. Concentra-
tion–response curves were fitted with the inhibitory sig-
moidal Hill function:

where R is the cell number, R0 is the cell number in the 
absence of drug, Imax,d is the maximum growth inhibition, 
IC50,d is the concentration that causes 50 % of the maxi-
mum effect, γd is the Hill coefficient, and Cd is the concen-
tration of the corresponding drug, where d signifies either 
gemcitabine or trabectedin.

Pharmacodynamic modeling

Cell growth in the control group was described by the 
logistic growth function [22]:

(1)R = R0

(

1−
Imax,dC

γd
d

IC
γd
50,d + C

γd
d

)
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where R is the cell number at time t, kg is the first-order 
growth rate constant, Rss is the cell number at steady state, 
and R0 is the cell number at time zero.

Drug concentrations were assumed to be constant during 
the period of the experiment. Transit compartments were 
included in the model in order to capture the delay between 
drug exposure and the nonlinear cytotoxic effects, as pro-
posed by Lobo et al. [19]. The temporal delay could arise 
from multiple intracellular steps, such as gemcitabine phos-
phorylation, DNA incorporation, cellular signal transduc-
tion cascades, and the time necessary for cytotoxic effects 
of the drugs to become established. The differential equa-
tions for gemcitabine or trabectedin (denoted by d, where 
Gem stands for gemcitabine and Et743 stands for trabect-
edin) are:

(2)
dR

dt
= kgR

(

1−
R

Rss

)

R(0) = R0

(3a)Kd =
Kmax,dC

γd
d

KC
γd
50,d + C

γd
d

(3b)
dK1,d

dt
=

1

τd

(

Kd − K1,d

)

K1,d(0) = 0

(3c)
dK2,d

dt
=

1

τd

(

K1,d − K2,d

)

K2,d(0) = 0

(3d)
dK3,d

dt
=

1

τd

(

K2,d − K3,d

)

K3,d(0) = 0

(3e)
dK4,d

dt
=

1

τd

(

K3,d − K4,d

)

K4,d(0) = 0

(3f)

dR

dt
= kgR

(

1−
R

Rss

)

− K4,dR R(0) = R0

where Kmax,d is the maximum killing rate of the sin-
gle agent, KC50,d is the sensitivity constant, γd is 
the Hill coefficient, Cd is the concentration of drug 
d (gemcitabine or trabectedin), Kd represents the cytotox-
icity function, and Ki,d are transit steps. The transit time 
between compartments is τd.

For the drug combinations, the PD model as shown in 
Fig. 1 operates as follows:

Table 1  Concentrations of 
gemcitabine (G) and trabectedin 
(T) tested as single agents and 
combinations

Cell line Drug Cell proliferation assay

Concentration (nM)

MiaPaCa-2 Gemcitabine (G) 0, 10, 15, 23, 30, 45, 100, 1000

Trabectedin (T) 0, 0.6, 0.8, 1, 1.5, 3, 10, 100

Combinations 0G + 0T, 15G + 0.6T, 15G + 0.8T, 15G + 1T, 15G + 1.5T

23G + 0.6T, 23G + 0.8T, 23G + 1T, 23G + 1.5T

30G + 0.6T, 30G + 0.8T, 30G + 1T, 30G + 1.5T

45G + 0.6T, 45G + 0.8T, 45G + 1T

BxPC-3 Gemcitabine (G) 0, 11, 17, 23, 34, 68, 100, 1000

Trabectedin (T) 0, 0.5, 0.7, 0.9, 1.1, 3, 10, 100

Combinations 0G + 0T, 11G + 0.5T, 11G + 0.7T, 11G + 0.9T, 11G + 1.1T

17G + 0.5T, 17G + 0.7T, 17G + 0.9T, 17G + 1.1T

23G + 0.5T, 23G + 0.7T, 23G + 0.9T, 23G + 1.1T

34G + 0.5T, 34G + 0.7T, 34G + 0.9T

Fig. 1  Schematic of the PD model for combination effects of gemcit-
abine (Gem) and trabectedin (Et743) on pancreatic cancer cells. Defi-
nitions of parameters for the model and Eq. (4) are listed in Table 3. 
Solid lines with arrows indicate turnover of the indicated response. 
Dashed lines ending in closed circles indicate that an effect is being 
exerted by the connected factors
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where ψ is the drug interaction parameter. If ψ equals 1, 
effects of the combination are additive, whereas ψ smaller 
than 1 signifies synergism and ψ greater than 1 indicates 
antagonism. In this study, additivity was defined as the 
summation of killing effects of gemcitabine (K4,Gem) and 
trabectedin (K4,Et743). Statistical significance is judged by 
the confidence limit of the ψ value not exceeding 1.

Derivation of threshold concentration

The concept of a threshold concentration CT,d was 
employed to describe the drug concentration required to 
cause either cell growth inhibition or cytotoxic effects. 
Necessary calculations are presented in the “Appendix.”

For single-drug effects, the threshold concentration is 
described as:

If Cd < CT,d, the drug exhibits concentration-depend-
ent inhibition of cell net growth, and cell number will 
increase and eventually approach a new plateau R′

ss that 
is greater than R0. In contrast, if Cd > CT,d, the drug 

(4a)KGem =
Kmax,GemC

γGem
Gem

(

ψKC50,Gem

)γGem
+ C

γGem
Gem

(4b)
dK1,Gem

dt
=

1

τGem

(

KGem − K1,Gem

)

K1,Gem(0) = 0

(4c)

dKi,Gem

dt
=

1

τGem

(

Ki−1,Gem − Ki,Gem

)

Ki,Gem(0) = 0 i = 2, . . . , 4

(4d)KEt743 =
Kmax,Et743C

γEt743
Et743

KC
γEt743
50,Et743 + C

γEt743
Et743

(4e)
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dt
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1

τEt743

(

KEt743 − K1,Et743

)
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(4f)

dKj,Et743

dt
=

1

τEt743

(

Kj−1,Et743 − Kj,Et743

)

Kj,Et743(0) = 0 j = 2, . . . , 4

(4g)

dR
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= kgR

(

1−
R

Rss

)

−
(

K4,Gem + K4,Et743

)

R R(0) = R0

(5)CT,d =

(

kgKC
γd
50,dRss − kgR0KC

γd
50,d

Kmax,dRss − kgRss + kgR0

)
1
γ

.

exhibits cytotoxic effects and the dead cell population 
finally exceeds the dividing population; cell numbers 
approach a new steady state R′

ss that is smaller than R0. In 
both cases, R′

ss can be calculated by the equation:

The drug concentration required for complete cell eradi-
cation is:

A similar concept has been utilized previously to esti-
mate the drug concentration required for tumor eradication 
[23], and it was reported that CE,d and human clearance 
CLh correlate highly with clinically relevant doses [24].

For drug combination effects, the steady state is given 
by:

Similarly, if R′
ss > R0, the combination exhibits cell net 

growth inhibition, and if R
′

ss < R0, the combination exerts 
cytotoxic effects. If the concentrations used for the combi-
nation fulfill the condition:

then the drugs cause cell eradication. Solving Eq. (9) with 
respect to CEt743 yields:

where

Data analysis

The pharmacodynamic model was fitted simultaneously to 
all data obtained for both drugs, alone and in combination, 
using ADAPT-5 (version 5.0.49) [25]. Modeling was per-
formed using the maximum likelihood method. Analysis 

(6)R′

ss = max

{
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Rss

kg
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was based on a naïve pooled approach. The variance mod-
els were defined as:

where Vi is the variance at ith time point ti, σ is the vari-
ance parameter, and Y is the model-predicted cell number. 
Selection criteria during model development were based 
on goodness-of-fit plots, changes in the objective function 
value, the Akaike Information Criteria (AIC), and coeffi-
cients of variation (CV %). Because of the large number of 
differential equations and data, appropriate changes were 
made to the global settings of ADAPT-5. For example, the 
maximum number of differential equations was 224 and the 
maximum number of output equations was 32. Simulations 
were also performed in Matlab 7.8.0 (MathWorks, Natick, 
MA).

Results

Determination of IC50 concentrations

The MiaPaCa-2 and BxPC-3 cell lines were exposed to a 
wide range of single-agent concentrations for 3 days before 

Vi = (σ · Y(ti))
2

they were harvested and counted. The concentration–effect 
curves are shown in Fig. 2. Parameter estimates are sum-
marized in Table 2. The IC50 of gemcitabine was 22.7 nM 
for MiaPaCa-2 and 16.8 nM for BxPC-3 cells. The IC50 of 
trabectedin was 0.851 nM for MiaPaCa-2 and 0.599 nM 
for BxPC-3 cells. In both cell lines, trabectedin was more 
efficacious than gemcitabine; the Imax for trabectedin was 
0.965 in MiaPaCa-2 and 0.964 in BxPC-3 cells, whereas 
Imax for gemcitabine was 0.637 in MiaPaCa-2 and 0.810 in 
BxPC-3 cells.

Single and combination drug effects on cell 
proliferation

The PD model shown in Fig. 1 was used to fit the time 
course of cell number change simultaneously for 8 con-
centrations of gemcitabine, 8 concentrations of trabect-
edin, and 16 combinations. The model was able to char-
acterize well the delayed, concentration-dependent cell 
killing effects of gemcitabine and trabectedin both as 
single agents (Fig. 3) and in combination (Figs. 4, 5). In 
the absence of drug, cell growth to steady state occurred 
and was fitted with the logistic growth function (Eq. 2). 
The Rss was 1.296 × 106 cells/mL for MiaPaCa-2 and 

Fig. 2  Concentration–response 
curves of gemcitabine and tra-
bectedin for MiaPaCa-2 (upper 
panel) and BxPC-3 (lower 
panel) cells after 3-day expo-
sure to single agents. Symbols 
represent experimental data, and 
lines show fitted curves Eq. (1)
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4.336 × 105 cells/mL for BxPC-3 cells. The doubling time 
of cells in the exponential growth phase, calculated using 
the formula Td = ln(2)/kg, was 14.6 h for MiaPaCa-2 and 
15.4 h for BxPC-3 cells.

In order to examine drug effects over a longer period of 
time, cells were exposed to drug for up to 5 days (Fig. 3). 
Cell growth data were fitted with Eq. (3) in order to iden-
tify the temporal characteristics of drug effects. The thresh-
old concentration CT of gemcitabine was 32.3 nM for Mia-
PaCa-2 and 32.9 nM for BxPC-3 cells, whereas the CT of 
trabectedin was 1.70 nM for MiaPaCa-2 and 1.40 nM for 

BxPC-3 cells. When C < CT, for gemcitabine, i.e., when 
the concentration was smaller than 32.3 nM for Mia-
PaCa-2 and 32.9 nM for BxPC-3 cells, the drug slows the 
net cell growth rate in a concentration-dependent man-
ner. Under these conditions, cells in drug-exposed groups 
proliferated with a slower rate than did the vehicle con-
trol group, reaching a new plateau R′

ss that was greater 
than R0 (R0 = 38.4 × 103 cells/mL for MiaPaCa-2 and 
16.0 × 103 cells/mL for BxPC-3). Similar results were 
observed for trabectedin when concentrations were smaller 
than the CT of 1.70 nM for MiaPaCa-2 and 1.40 nM for 

Table 2  Parameter estimates from the single-time assessments Eq. (1) for the individual drugs in two cell lines

Cell line Estimate (CV %)

Parameter (units) Definition MiaPaCa-2 BxPC-3

R0Gem (cells × 10−3/mL) Cell number in the absence of gemcitabine on day 3 809 (3.59) 339 (2.89)

Imax,Gem Maximum inhibition effect of gemcitabine 0.637 (3.01) 0.810 (1.51)

IC50,Gem (nM) Gemcitabine concentration at half-maximal effect 22.7 (11.9) 16.8 (7.16)

γGem Hill coefficient for gemcitabine 1.38 (11.0) 1.79 (9.03)

R0Et743 (cells × 10−3/mL) Cell number in the absence of Et-743 on day 3 324 (7.46) 145 (6.10)

Imax,Et743 Maximum inhibition effect of Et-743 0.965 (0.433) 0.964 (0.731)

IC50,Et743 (nM) Et-743 concentration at half-maximal effect 0.851 (7.04) 0.599 (17.7)

γEt743 Hill coefficient for Et-743 4.46 (15.4) 0.921 (8.42)

Fig. 3  Effects of single-agent 
gemcitabine and trabectedin on 
MiaPaCa-2 and BxPC-3 cell 
proliferation as a function of 
time. The experiment included 
triplicates of eight concentra-
tions of gemcitabine and of tra-
bectedin. Cells were harvested 
and counted daily for 5 days. 
Symbols are experimental data, 
and lines show fitted curves 
Eqs. (2) and (3)
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BxPC-3 cells. Conversely, if C > CT, the drugs induced 
mainly cytotoxic effects and the cell numbers declined 
toward a new steady state that was smaller than R0. Cells 
incubated with supra-threshold concentrations of gemcit-
abine (>32.3 nM for MiaPaCa-2 and >32.9 nM for BxPC-
3) or trabectedin (>1.70 nM for MiaPaCa-2 and >1.40 nM 
for BxPC-3) initially exhibited increases in cell number 
because of the temporal delay in effect, but once the cyto-
toxic effects were established, cell numbers declined toward 
a new plateau (R′

ss) that was below the initial baseline.
Simultaneous fitting of all data with Eqs. (3) and (4) 

gave reasonable parameter estimates (Table 3) with good 

precision. All CV % values were less than 16 %. The 
estimated Kmax,Gem was 0.166 h−1 for MiaPaCa-2 and 
0.0613 h−1 for BxPC-3 cells. The estimated Kmax,Et743 was 
0.0858 h−1 for MiaPaCa-2 and 0.261 h−1 for BxPC-3 cells. 
The estimated values of the KC50 (Table 3) indicate differ-
ent sensitivities of the two cell lines to the drugs as single 
agents. BxPC-3 cells were more sensitive to gemcitabine 
and less sensitive to trabectedin than were MiaPaCa-2 
cells: KC50,Gem was 41.5 nM for MiaPaCa-2 and 21.4 nM 
for BxPC-3 cells, whereas the KC50,Et743 was 1.63 nM for 
MiaPaCa-2 and 6.31 nM for BxPC-3 cells. Despite similar 
doubling times for the two cell lines, the temporal delay of 

Fig. 4  Effects of gemcitabine (G) in combination with trabectedin (T) on MiaPaCa-2 cell proliferation versus time. Symbols are experimental 
data, and lines show fitted curves Eqs. (2) and (4)



188 Cancer Chemother Pharmacol (2016) 77:181–193

1 3

gemcitabine effects (4τ) was longer for MiaPaCa-2 than for 
BxPC-3 cells; τ was 29.2 h for MiaPaCa-2 and 14.9 h for 
BxPC-3 cells. For trabectedin, τ was 10.7 h for MiaPaCa-2 
and 22.1 h for BxPC-3 cells.

Cells were also exposed to combinations of both agents 
for up to 5 days, and the data for the single and combined 
drugs were fitted simultaneously with the model (Fig. 1) 
as implemented in Eq. (4). Figure 4 shows the effect of 
gemcitabine combined with trabectedin on cell prolifera-
tion as a function of exposure time for MiaPaCa-2 cells, 
and Fig. 5 shows the data for BxPC-3 cells. The final 

parameters are summarized in Table 3. The interaction 
parameter ψ was 0.806 (confidence interval 0.742–0.870) 
for MiaPaCa-2 and 0.843 (confidence interval 0.698–
0.990) for BxPC-3 cells, suggesting that the combination 
of gemcitabine and trabectedin exerts modest synergistic 
effects. If ψ was set equal to 1, the model under-predicted 
the efficacy data compared to model predictions using the 
estimated ψ.

Simulations were performed to illustrate how to find 
combined concentrations that can mediate cytostatic 
effects vs. cytotoxic effects. Three-dimensional plots of 

Fig. 5  Effects of gemcitabine (G) in combination with trabectedin (T) on BxPC-3 cell proliferation versus time. Symbols are experimental data, 
and lines show fitted curves Eqs. (2) and (4)
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the combined concentrations necessary to achieve R′
ss 

are shown in Fig. 6a for MiaPaCa-2 cells and Fig. 6b for 
BxPC-3 cells. Surfaces represent the model predictions 
using Eq. (8) based on the fitted parameters (Table 3). 
Figure 6c is a bird’s eye view of the three-dimensional plot, 
in which each line represents one surface that cuts through 
the three-dimensional plot, and the area is composed of 
numerous lines. If the combined concentrations of drug A 
(CdrugA ) and drug B (CdrugB) fall on the solid line at the 
middle, then the combination will cause cells to reach a 
steady state R′

ss that is equal to R0. If the combined concen-
trations fall into the green area that is below the solid line, 
then the combination will cause cells to reach a value of R′

ss 
that is greater than R0, i.e., the drugs combined cause only 
cytostatic effects. However, if the combined concentrations 
fall into the red area that is above the solid line, then the 
combination will cause cells to reach a value of R′

ss that is 
smaller than R0. In that case, the drug combination exerts 
cytotoxic effects.

Discussion

Traditional modeling approaches to characterize drug 
combinations that do not account for time-dependent 
effects upon cell proliferation and death are inadequate. A 
preferred PD model should be able to characterize time-
dependent profiles [16, 23, 26, 27]. The model described 
here (Fig. 1) is able to account for both time and concen-
tration dependency. The model allows simultaneous fitting 
of temporal cell growth data for multiple concentrations 
of two drugs as single agents and combined (Figs. 3, 4, 5). 
The estimated parameters are time-averaged and concentra-
tion-averaged values that capture the entire array of data.

Two pancreatic cancer cell lines (MiaPaCa-2 and BxPC-
3) were selected for study based upon their phenotypic 
and genotypic differences [28]. MiaPaCa-2 has mutant 
Kras and p53 genes and a wild-type smad 4 gene, whereas 
BxPC-3 has wild-type Kras and p53 genes and a mutant 
smad 4 gene.

In both cell lines (Fig. 4 for MiaPaCa-2 and Fig. 5 for 
BxPC-3), cell numbers grew to a plateau in the absence of 
drug. Therefore, the drug-free control data were modeled 
with the logistic growth function. Time delays between 
the initial drug exposure and effects observed after various 
incubation times were modeled with transit steps. Cytotoxic 
effects were characterized using a nonlinear cytotoxic func-
tion [19, 27, 29] that enables characterization of cell growth 
and death after exposure to various concentrations of single 
agents. This model feature is valuable when drug effects are 
both time and concentration dependent. The PD model for 
single-agent drugs was extended to characterize drug combi-
nation effects. Additivity was defined as the summation of the 
killing effects of the two cytotoxic agents, and the inclusion 
of an interaction parameter in the combination model enabled 
quantification of interaction behavior that was not additive.

The IC50 of the single agents was time independent 
for the two cell lines. The estimate of IC50 for trabectedin 
(approximately 2.3 nM) was similar to peak plasma con-
centrations achieved after 24 h of continuous infusions in 
patients with solid tumors [30]. The IC50 values of gemcit-
abine for both cell lines (Table 2) are in good agreement 
with previous work that reported an IC50 of 40 nM in Mia-
PaCa-2 cells and 18 nM in BxPC-3 cells [31]. Thus Mia-
PaCa-2 cells were relatively resistant to gemcitabine com-
pared to BxPC-3 cells.

Identifying experiment-independent, compound-spe-
cific drug action and interaction parameters can assist 

Table 3  Pharmacodynamic model parameter estimates for time-course studies Eqs. (3) and (4) for the two cell lines

Cell line Estimate (CV %)

Parameter (units) Definition MiaPaCa-2 BxPC-3

kg (h
−1) Growth rate constant 0.0475 (1.44) 0.0451 (2.17)

R0 (cells × 10−3/mL) Cell number on day zero when drug was added 38.4 (1.00) 16.0 (1.62)

Kmax,Gem (h−1) Maximal cell kill constant for gemcitabine 0.166 (15.6) 0.0613 (5.53)

KC50,Gem (nM) Gemcitabine concentration inducing 50 % of Kmax,Gem 41.5 (3.61) 21.4 (6.59)

γGem Hill coefficient for gemcitabine 3.82 (6.70) 2.07 (7.72)

1/τGem (h−1) Transit constant for gemcitabine 0.0343 (8.47) 0.0671 (5.92)

Kmax,Et743 (h
−1) Maximal cell kill constant for Et-743 0.0858 (2.50) 0.261 (17.0)

KC50,Et743 (nM) Et-743 concentration inducing 50 % of Kmax,Et743 1.63 (1.39) 6.31 (10.6)

γEt743 Hill coefficient for Et-743 3.60 (5.06) 1.07 (7.38)

1/τEt743 (h
−1) Transit constant for Et-743 0.0932 (3.86) 0.0452 (9.44)

ψ Interaction parameter 0.806 (3.96) 0.843 (8.64)

Rss (cells × 10−3/mL) Cell number at steady state 1296 (3.95) 433.6 (6.35)
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preclinical to clinical translation [32]. Conversely, inap-
propriate experimental conditions that provide erroneous 
potency-related parameters may confound correlation of 
preclinical and clinical results. Conventional drug–drug 
interaction models such as Loewe additivity [14] and 
isobolograms [15] yield parameters such as IC50 that are 
useful for the purpose of compound screening [33]. How-
ever, parameters such as IC50 can be experiment-dependent 
as they may vary with exposure times. In the present work, 
we obtained IC50 values for two cell lines (Table 2) from 
time-independent data and simple equation fitting (Eq. 1), 
as well as KC50 values (Table 3) from time-dependent data 
and dynamic modeling (Eqs. 3–4). The IC50 values served 
as a guide to select concentrations that would span the con-
centration–response range (Fig. 2) and provided a basis for 
devising a maximally informative array of combination 

pairs (Table 1) for time-dependent studies (Figs. 3, 4, 5). 
Additionally, the dynamic combination model was fitted to 
pooled cell count data, as opposed to frequently employed 
approaches in which the PD endpoints consist of cell 
counts for treated groups that are normalized by averaged 
responses of control groups. Such normalization imposes 
the variability of the control group on all groups that are 
normalized. This additional source of variability is avoided 
by fitting the cell count data itself [34]. A wide range of 
concentrations (Table 1) was examined to detect saturation 
of the cytotoxic effects. The proposed PD model described 
the observed data well (Figs. 3, 4, 5) and provided reason-
able parameter estimates with good precision (Table 3). 
The estimated KC50 of trabectedin was smaller than that 
of gemcitabine: it was 25.5-fold lower for MiaPaCa-2 cells 
and 3.4-fold lower for BxPC-3 cells. This indicates not 

Fig. 6  Relationship between combined concentrations and R′
ss

. a, b 
Three-dimensional plots of drug concentrations required in the com-
binations to achieve a new steady state R′

ss
. Surfaces are the model 

simulations based on the fitted parameters (Table 3) for MiaPaCa-2 
(a) and BxPC-3 (b) cells. c Simulation of all possible combinations 
of two drugs (CdrugA and CdrugB) that result in the indicated cell 
steady states R′

ss
. If the combined drug A (CdrugA) and drug B concen-

trations (CdrugB) fall on the solid line at the middle, then the combina-
tion will cause cells to reach to a steady state R′

ss
 that is equal to R0. If 

the combined concentrations fall into the green area that is below the 
solid line, the combination only causes cytostatic effects. Otherwise, 
if the combined concentrations fall into the red area that is above the 
solid line, the combination exerts cytotoxic effects
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only that trabectedin is more potent than gemcitabine, but 
also that its potency relative to a second drug can vary with 
cell line. Comparing the estimated KC50 for the same drug 
between two different cell lines showed the KC50 of gem-
citabine for BxPC-3 to be significantly smaller than that 
for MiaPaCa-2 cells (Table 3), verifying that BxPC-3 cells 
(wild-type Kras) are more sensitive to gemcitabine than 
MiaPaCa-2 (mutant Kras). Conversely, the estimated KC50 
of trabectedin in BxPC-3 is significantly larger than that for 
MiaPaCa-2 cells, indicating that BxPC-3 are more resistant 
to trabectedin than are MiaPaCa-2 cells.

Selection of drug candidates that interact synergisti-
cally with gemcitabine poses challenges. Previous pub-
lications indicate that promising combination candi-
dates may be agents that are S-phase cell cycle specific 
[35] or are drugs that are able to overcome gemcitabine 
resistance [36]. Trabectedin is an exceedingly potent 
DNA-binding anticancer drug that is effective in the 
nanomolar range, and exerts cytotoxic effects upon many 
drug-resistant cancer cell lines. The hypothesis that led 
to our investigation of gemcitabine combined with tra-
bectedin is based upon the molecular mechanism of tra-
bectedin, which involves NF-κB inhibition, caspase 3/7 
activation [12], and cell cycle checkpoint activation [11]. 
Both gemcitabine and trabectedin target DNA and lead to 
double-stranded DNA breaks. In addition, up-regulation 
of NF-κB and Akt/PI3K often occurs after gemcitabine 
treatment [37–39]. A previous study showed that trabect-
edin inhibited NF-κB signaling via inhibition of IκBα 
phosphorylation and induction of caspase 3/7 activation 
in cervical cancer cells [12]. Both NF-κB and Akt/PI3K 
play a critical role in gemcitabine resistance [38, 39], and 
inhibition of NF-κB by trabectedin may enhance sensitiv-
ity to gemcitabine. In addition, gemcitabine and trabect-
edin may exert a synergistic effect upon the activation 
of the caspase 3 pathway. Finally, gemcitabine is a cell 
cycle-specific agent; it activates cell cycle checkpoints 
through the activation of the ATM/CHK2–ATR/CHK1 
pathway [40]. Trabectedin induces cell cycle arrest at S 
and G2/M phases, which may help to synchronize cancer 
cells in S-phase so that gemcitabine incorporation into 
DNA may increase. Future studies will investigate drug 
combination effects on the cell cycle distribution and 
specific signaling pathways.

Several caveats apply to our PD study and analysis. First, 
cytoplasmic effect-site gemcitabine concentrations were 
assumed to equal the extracellular concentrations in media, 
and were assumed to be constant over the duration of the 
experiment. However, it is the gemcitabine triphosphate 
metabolite dFdCTP that is incorporated into DNA and 
causes the PD effects. Thus an improvement could be to 
obtain intracellular concentrations of dFdCTP, as was done 
by Battaglia et al. [41], and utilize dFdCTP incorporation 

into DNA to drive the PD effects in the model. In addi-
tion, the transit compartments employed here approximate 
drug transport and metabolic steps that could be defined in 
greater detail.

Few existing PD models are able to characterize tem-
poral pharmacodynamic effects of chemotherapeutic drug 
combinations in terms of cancer cell or tumor growth. The 
model proposed here is simple enough to enable characteri-
zation and prediction of combined drug effects, as well as 
assessment of the nature of the drug interaction. With regard 
to model generality and validity, the proposed model was 
able to characterize simultaneously the cell growth inhibi-
tion from 32 concentrations of two drugs, as single agents 
or combined, on two different pancreatic cancer cell lines. 
In preliminary work, the PD model has also been applied to 
the combination of gemcitabine with two other agents, and 
successfully characterized and predicted drug interactions 
(unpublished). It provides a means to select quickly those 
potential agents within a pool of candidates that may pos-
sess the best activity in combination with another chemo-
therapeutic agent. The model demonstrated that gemcitabine 
and trabectedin interact synergistically, and the combination 
demonstrates enhanced anticancer activity. The concomitant 
administration of gemcitabine with trabectedin may thus 
have a potential therapeutic benefit. Finally, the use of ψ as 
a drug interaction measure has an additional significance. In 
a mechanistic PD model, values of ψ differing from unity 
suggest an incomplete understanding of the mechanism of 
action of the two compounds as implemented in the model. 
Thus ψ provides an indication that more detailed studies 
of mechanisms of action on cell cycle progression, signal 
transduction pathways, and other pharmacological responses 
require investigation and integration into the model.
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Appendix

The following provides a proof of Eqs. (5)–(10), assum-
ing that drug concentrations are constant during experi-
ments. The stationary equations of the proposed PD model 
Eqs. (3) and (4) are as below:

(11a)
Kd =

Kmax,dC
γd
d

KC
γd
50,d + C

γd
d
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with

From Eqs. (11a)–(11e) we have

so that

To calculate the new steady state for single-agents, we 
solve Eqs. (11f) and (12) with respect to R′

ss and obtain 
Eq. (6). In order to achieve that the number of cells 
decreases for t > 0, one needs R

′

ss ≤ R0, i.e., the threshold 
concentration is defined via

which is equivalent to

This leads to

as Eq. (5) is shown. To obtain total cell eradication, the 
concentration

(11b)0 =
1

τd

(

Kd − K1,dss

)

(11c)0 =
1

τd

(

K1,dss − K2,dss

)

(11d)0 =
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1

τd

(

K3,dss − K4,dss

)

(11f)0 = kgR
′

ss

(

1−
R′
ss

Rss

)

− µssR
′

ss

µss =

{

K4,dss for single agent

K4,Gemss + K4,Et743ss for combination

Kd = K1,dss = · · · = K4,dss

(12)

µss =
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γ d
d

for single agent

Kmax,GemC
γGem
Gem

(ϕKC50,Gem)
γGem

+C
γGem
Gem

+
Kmax,Et743C

γEt743
Et743
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γEt743
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for combination

R′
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(

kg −
Kmax,dC

γd
d

KC
γd
50,d + C

γd
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)

Rss

kg
= R0

kg(Rss − R0)KC
γd
50,d + kg(Rss − R0)C

γd
d = Kmax,dC

γd
d Rss.

C
γd
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kg(Rss − R0)KC
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50,d

Kmax,dRss − kg(Rss − R0)

Kmax,dC
γd
d

KC
γd
50,d + C
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d

≥ kg

is needed, i.e., CE,d is defined via

resulting in Eq. (7).
For combination effects, Eqs. (11f) and (12) provide

and Eq. (9) is obtained.
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