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Abstract

The pharmacodynamic interactions among trifluoperazine (TFP), gemcitabine (GEM), and 

paclitaxel (PTX) were assessed in pancreatic cancer cells (PANC-1). The phenothiazine TFP was 

chosen for its potential activity on cancer stem cells, while GEM and PTX cause apoptosis. Effects 

of each drug alone and in various combinations on cell growth inhibition of PANC-1 cells were 

studied in vitro to determine the drug-specific parameters and assess the nature of drug 

interactions. Joint inhibition (JI) and competitive inhibition (CI) equations were applied with a ψ 
interaction term. TFP fully inhibited growth of cells (Imax = 1) with an IC50 = 9887 nM. Near-

maximum inhibition was achieved for GEM (Imax = 0.825) and PTX (Imax = 0.844) with an IC50 = 

17.4 nM for GEM and IC50 = 7.08 nM for PTX. Estimates of an interaction term ψ revealed that 

the combination of TFP-GEM was apparently synergistic; close to additivity, the combination 

TFP-PTX was antagonistic. The interaction of GEM-PTX was additive, and TFP-GEM-PTX was 

synergistic but close to additive. The combination of TFP IC60–GEM IC60–PTX IC60 seemed 

optimal in producing inhibition of PANC-1 cells with an inhibitory effect of 82.1–90.2%. The 

addition of ψ terms to traditional interaction equations allows assessment of the degree of 

perturbation of assumed mechanisms.
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INTRODUCTION

The standard of care of treatment for metastatic pancreatic cancer (gemcitabine and nab-

paclitaxel) has been defined by ASCO (American Society of Clinical Oncology) (1). 

Gemcitabine (GEM) is a pyrimidine antimetabolite and acts in the incorporation of 
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metabolite dFdCTP into DNA during the replication and in blocking the progression of cells 

at the S phase in the cell cycle leading to apoptosis. The dFdCDP also prevents the synthesis 

of DNA by ribonucleotide reductase (2). Paclitaxel (PTX) has been bound to albumin to 

improve its solubility without solvents and to decrease toxicity (3). Also, albumin enhances 

the transport of PTX across endothelial cells, which increases accumulation of the drug 

close to the tumor due to the albumin-binding protein secreted protein acidic rich in cysteine 

(SPARC) (3,4). The binding to albumin appears to affect the pharmacokinetics and not the 

pharmacodynamics; hence, PTX was chosen for these studies. PTX comes from the taxane 

family, is an antimicrotubule agent, and inhibits the depolymerization that leads to a 

stabilization of microtubules (4) causing an arrest in the G2/M phase of the cell cycle and 

generating apoptosis (5,6).

Trifluoperazine (TFP) was chosen for its potential activity on pancreatic cancer stem cells 

(CSC). It was suggested that TFP can inhibit DNA repair function and the activity of the 

DNA-dependent protein kinase (DNA-PK) in vitro (7). The phenothiazines are calmodulin 

antagonists and the calmodulin pathway is involved in DNA repair (7). Calmodulin is 

implicated in the regulation of cell proliferation, motility, and differentiation. Consequently, 

calmodulin antagonists decrease proliferation and also favor apoptosis via the increase of 

caspase 8 and Bax, reducing Bcl2, and decreasing the activation of AKT. These antagonists 

also enhance TRA-8-induced apoptosis of resistant pancreatic cells and prevent the 

recruitment of the survival signal Src (8). These effects on the apoptotic pathway were 

confirmed in lung cancer cells (9) and some derivatives of TFP have been patented (10).

Our hypothesis is that TFP combined with GEM and PTX can enhance the inhibition of 

proliferation by targeting cancer stem cells (CSC), one of the causes of chemotherapy 

resistance and relapse. In order to determine the nature and intensity of interactions 

(antagonism, additivity, or synergy) among the drugs, both two-drug and three-drug 

interactions were assessed. In vitro experiments utilized the pancreatic cancer cell line 

PANC-1. Joint inhibition (JI) and competitive inhibition (CI) equations (11–13) were used to 

quantify the interactions and were extended to three drugs. An interaction term ψ was used 

to assess the degree of unexplained interaction, namely the degree of change from normal 

operation of the semi-mechanistic equations (14). The objective of the study is basically to 

determine if adding TFP to the standard of care therapeutic drugs for pancreatic cancer 

offers any promise towards improving efficacy in a classical in vitro screening cell model.

METHODS

Drugs

Trifluoperazine dihydrochloride was obtained from Sigma-Aldrich (St. Louis, MO). The 

concentration of the trifluoperazine stock solution was 50 mM in sterile Milli-Q water and 

stored as aliquots at 4°C. Gemcitabine hydrochloride was purchased from Sigma-Aldrich 

(St. Louis, MO). The concentration of the gemcitabine stock solution was 50 mM in sterile 

Milli-Q water and stored as aliquots at − 20°C. Paclitaxel was obtained from Sequoia 

Research Products Ltd. (Pangbourne, UK). The concentration of the paclitaxel stock solution 

was 1 mM in dimethylsulfoxide (DMSO; Sigma-Aldrich) and stored as aliquots at − 20°C. 
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The highest concentration of paclitaxel led to a final concentration of 0.01% (v/v) DMSO in 

the culture medium.

Cell Culture

The cell line PANC-1 was obtained from the American Type Culture Collections (Manassas, 

VA). Dulbecco’s modified Eagle’s medium (DMEM; VWR International LLC, Bridgeport, 

NJ) containing 10% (v/v) fetal bovine serum (FBS; VWR) was used to culture the cells. 

Cells were grown in a humidified atmosphere with 5% CO2 at 37°C in culture flasks 

(Corning, Durham, NC). Each passage was done with 0.05% trypsin with 0.53 mM EDTA 

(Corning Inc., Corning, NY) when the confluence reached 90% of cells. The DPBS 

(Corning) was used to wash the cells when necessary.

Inhibition Parameters

The experiments were performed two times for TFP, GEM, and PTX. Cells of the passages 

P26 and P29 were seeded in six-well plates at densities of 2.25 and 2.53 × 105 cells per well 

in a volume of 2 mL. A delay of 24 h allowed the cells to adhere before drug exposure. The 

concentrations used for each drug are listed in Table I. After drug exposure of 72 h, cells 

were washed with DPBS and harvested with trypsin. A Beckman Coulter Counter Z2 was 

used to count to cells using the isotonic diluent from Beckman Coulter (Hebron, KY). Each 

sample was counted in triplicate. The vehicle control was water or DMSO at the highest 

concentration used for the drug-treated experiments.

The experiments were carried first for two-drug interactions and then for three-drug 

interactions. Cells of the passage P28 were seeded in six-well plates at a density of 2.53 × 

105 cells per well in a volume of 2 mL for the two-drug interactions and at a density of 2.46 

× 105 for the three-drug interactions. Cells were exposed to low, medium, and high 

concentrations of each drug alone or in combinations. These concentrations were near the 

IC20, IC40, and IC60 for each drug.

Determination of IC50

The IC50 of each drug was assessed as a single agent over a period of 72 h. The inhibitory 

form of the Hill function was used to fit the concentration-response curves.

R = R0cells × 1 − Imax × Cγ

IC50γ + Cγ (1)

with R, the number of per mL cells (2 mL per well); R0cells, the baseline number of cells per 

mL at zero drug concentration (control); Imax, the maximum inhibition; IC50, the 

concentration that inhibits 50% of the cell growth, γ, the Hill coefficient, and C, the 

concentration of the drug. Because of different seeding numbers due to replicate 

experiments, the baselines were fixed to experimental values for TFP only.

The equation fittings were performed using the software ADAPT 5 (15) with the maximum 

likelihood method. The variance model used was as follows:
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V = (PV(1) + PV(2) × Y (1))2 (2)

with Y(1) the response, PV(1) the intercept fixed to 0.001, and PV(2) the slope.

The IC20, IC40, and IC60 values were calculated from the following:

ICX = X
100 − X

1 γ × IC50 (3)

with ICX the concentration inhibiting X% of the maximal effect.

Interaction Analysis

For two-drug interactions, the equation for joint inhibition (JI) is as follows (11)

R = R0 1

−

ImaxA × CA
γA

ψ × IC50A
γA +

ImaxB × CB
γB

IC50B
γB + ImaxA + ImaxB − ImaxA × ImaxB ×

CA
γA

ψ × IC50A
γA ×

CB
γB

IC50B
γB

CA
γA

ψ × IC50A
γA +

CB
γB

IC50B
γB +

CA
γA

ψ × IC50A
γA ×

CB
γB

IC50B
γB + 1

(4)

This is equivalent to (13):

R = R0 × 1 −
ImaxA × CA

γA

ψ × IC50A
γA + CA

γA × 1 −
ImaxB × CB

γB

IC50B
γB + CB

γB (5)

This equation assumed dual inhibition of a turnover process by nonspecific non-competitive 

mechanisms. The traditional equation for competitive inhibition (CI) (11) is as follows:

R = R0 1 −

ImaxA × CA
γA

ψ × IC50A
γA +

ImaxB × CB
γB

IC50B
γB

1 +
CA

γA

ψ × IC50A
γA +

CB
γB

IC50B
γB

(6)

This equation originated with Ariens et al. (12) where two drugs compete for a common 

target. For three-drug interactions, the equation for JI expands to the following:
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R = R0 × 1 −
ImaxA × CA

γA

ψ × IC50A
γA + CA

γA × 1 −
ImaxB × CB

γB

IC50B
γB + CB

γB

× 1 −
ImaxC × CC

γC

IC50C
γC + CC

γC

(7)

that can also be written:

R = R0 1

−

ImaxA × A + ImaxB × B + ImaxC × C + ImaxA + ImaxB − ImaxA × ImaxB × A × B +
ImaxC + ImaxB − ImaxC × ImaxB × C × B + ImaxC + ImaxA − ImaxC × ImaxA × A × C +
ImaxC + ImaxA + ImaxB − ImaxC × ImaxA − ImaxA × ImaxB − ImaxC × ImaxB + ImaxC × ImaxA × ImaxB × A × C × B

A + B + C + A × B + C × B + A × C + A × B × C + 1 (8)

with

A =
CA

γA

ψ × IC50A
γA ; B =

CB
γB

IC50B
γB ; C =

CC
γC

IC50C
γC (9)

The equation for the three-drug CI was as follows:

R = R0 1 −

ImaxA × CA
γA

ψ × IC50A
γA +

ImaxB × CB
γB

IC50B
γB +

ImaxC × CC
γC

IC50C
γC

1 +
CA

γA

ψ × IC50A
γA +

CB
γB

IC50B
γB +

CC
γC

IC50C
γC

(10)

with parameters having the same definitions as in Eq. 1.

The ψ is the interaction term that assesses possible changes in IC50 values when data do not 

fit the basic equations. The interaction is apparently antagonistic if ψ > 1, additive if ψ = 1, 

and synergistic if ψ < 1.

There are different assumptions for each equation. Two drugs are said to be competitive 

when they share the same target. The competitive equation assumes the presence of only one 

target and stipulates that the maximum is equal to the maximum among single effects. Joint 

inhibition assumes that there are multiple targets and that the maximal effect is equal to the 

sum of the maximal effects of each drug (see Fig. 3 in Ref. (11)).
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All equations were fitted using the software ADAPT 5 (15) with the maximum likelihood 

method. The variance model used was the same as Eq. 2. An example of ADAPT code and 

the dataset for the three-drug interactions is provided in the Supplementary Materials.

Methods of Modeling—First, R0 (cells), Imax, and γ of each drug alone were determined 

specifically for the two-drug or three-drug combination experiments. Then, R0% and ψ for 

combinations were estimated by fixing IC50, Imax, and γ. This method assured that the 

intrinsic activity was considered constant to reveal interactions via the JI and CI equation 

structures and ψ values. The ψ was assigned alternatively to the IC50 of each drug to study 

the impact of each drug on the other.

Prediction Error—To determine if one of the equations JI or CI functioned better for 

some interactions, the prediction error was calculated as the ratio between the predicted and 

true values. In our study, the true values were the data. The bias was defined as the mean of 

prediction errors. The inaccuracy was defined as the interquartile range of the prediction 

error. An interval of ± 15% was defined as acceptable. Boxplots were created with the 

software R.

Theoretical Percentages of Cells—The theoretical percentages of cells were calculated 

from the data by applying the following equation for drug A by using the estimates of ImaxA 

and γA from the model when the drug was used as a single agent; CA and IC50A were drug 

concentrations in nanomolar.

RA = 100 × 1 − ImaxA × CAγA
IC50AγA + CAγA (11)

The same equation was applied for the second and third drugs with the new baseline equal to 

the number of cells found from the previous calculations (Eq. 11).

RB = RA × 1 − ImaxB × CBγB
IC50BγB + CBγB (12)

Three-Dimensional Concentration-Effect Graphs—The interaction term ψ provides 

a general measure of any disturbances (non-additivity) in functioning of the JI and CI 

equations for the combinations (16). The three-dimensional concentration-effect graphs were 

plotted with MATLAB for the two-drug and three-drug interactions from the final estimates 

of R0 and the previously determined values of IC50, Imax, and γ. The colors indicated the 

type of interaction. For two-drug interactions, the surface represents the percentage of cells 

in the case of an additive interaction (ψ = 1). For two-drug interactions, the points provided 

the percentage of cells for each combination. The distance from the surface allows 

visualization of non-additivity.
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RESULTS

Determination of Inhibition Parameters

The concentration-response curves of each drug alone are shown in Fig. 1. The values of the 

parameter estimates and their coefficients of variation (CV%) are reported in Table I. The 

maximum inhibition was 1.0 for TFP, 0.825 for GEM, and 0.844 for PTX. The IC50 was 

9887 nM for TFP, 17.4 nM for GEM, and 7.08 nM for PTX. The γ values were 1.84 for 

TFP, 2.54 for GEM, and 4.34 for PTX. As the Imax of TFP was equal to 1, and about 0.83 for 

GEM and PTX, TFP was better able to achieve full inhibition.

Table II provides parameter estimates for each drug when present in the combinations. These 

were different experimental runs and thus the individual drug parameters differ slightly from 

previous values. However, all parameters were similar to those in Table I.

Prediction Errors

The boxplots with the prediction errors did not indicate better fittings with either of the 

equations: JI or CI, except for the interaction GEM-PTX that showed less variability with 

the JI equation and for the three-drug combination that was best fitted by the CI equation. 

The boxplots are shown in the Supplemental Materials (Figs. S1–S4).

Trifluoperazine-Gemcitabine Interaction

Equations 5 and 6 were used for the fittings of each pair of drugs. Figure 2 shows that as the 

concentration of drugs increased, the percentage of cells was reduced. The surface 

representing an additive interaction covered 75.5 to 26.8% cell survival, 75.5% for the 

combination at low concentrations and 26.8% for the high concentrations. The percentage of 

cells decreased more strongly with the increase of GEM concentrations than with TFP. 

Generally, synergy was found with some additivity for JI when the ψ was applied to the 

GEM IC50 at low and medium concentrations of GEM and when the ψ was applied to the 

TFP IC50 at low concentrations of TFP and for CI when the ψ was applied to the TFP IC50 

at low concentrations of TFP and high concentration of GEM. Antagonism was found for JI 

when the ψ was applied to the TFP IC50 at medium and high concentrations of TFP.

To assess effects of GEM on TFP, the ψ was applied to the TFP IC50. Values of ψ were 1.12 

(95% confidence interval [1.10–1.13]) with slight antagonism for JI and 0.787 [0.777–0.797] 

with modest synergy for CI. The values are listed in Table III.

To assess effects of TFP on GEM, the ψ was applied to GEM IC50. The values were 0.969 

[0.956–0.981] with slight synergy for JI and 0.866 [0.851–0.881] with synergy for CI. The 

values are reported in Table III.

The combination TFP IC60-GEM IC60, TFP IC60-GEM IC40 and TFP IC40-GEM IC60 (TFP 

IC60-GEM IC20 for ψ applied to the TFP IC50 for CI) produced the lowest number of cells. 

The observed percentage of cells for TFP IC60-GEM IC60 was around 28.5%; the 

predictions were 28.3% for JI and 36.0% for CI. It is important to note that the observed 

percentage of cells for TFP IC40-GEM IC60 was around 26.3%. The predicted values are 

reported in the heatmap (Fig. 2). This interaction was synergistic, close to additivity, because 
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the differences between the data and the additive surface oscillated between negative and 

positive values as reported in Table S I. The differences between the data and the theoretical 

percentages of cells are displayed in the same table. They were positive, showing 

antagonism, but this is likely due to some variability.

Trifluoperazine-Paclitaxel Interaction

Equations 5 and 6 were used for the fittings of each pair of drugs. Figure 3 shows that as the 

concentration of drugs increased, the percentage of cells was reduced. The surface 

representing an additive interaction covered 74.1 to 25.6% cell survival, 74.1% for the 

combination of both drugs at low concentrations and 25.6% at high concentrations. The 

percentage of cells seemed to decrease a little more with the increase of TFP concentrations 

than with PTX. Generally, antagonism with some additivity at TFP IC40 and IC60 for CI 

when the ψ was applied to the PTX IC50 and also for JI when the ψ was applied to the TFP 

IC50. Synergism was found for CI when the ψ was applied to the TFP IC50

To assess effects of PTX on TFP, the ψ was applied to the TFP IC50. The values of ψ were 

1.03 [1.02–1.04] for JI and 0.768 [0.761–0.775] for CI, revealing slight antagonism in the 

first case and modest synergy in the second. However, most of the points appeared close the 

surface in Fig. 3 for JI when the ψ was applied to the TFP IC50.

To assess effects of TFP on PTX, the ψ was applied to the PTX IC50. The values of ψ were 

1.15 [1.14–1.16] for JI and 1.02 [1.01–1.03] for CI displaying antagonism. However, most of 

the data were close the surface in Fig. 3 for CI when the ψ was applied to the PTX IC50. The 

values are presented in Table III.

The combination TFP IC60-PTX IC60, TFP IC60-PTX heatmap (Fig. 3). This interaction was 

antagonistic, close to IC40, and TFP IC40-PTX IC60 (or TFP IC60-PTX IC20 for CI additive, 

because the differences between the data and the when the ψ was applied to the TFP IC50), 

produced the lowest number of cells. The observed percentage of cells for was applied to the 

PTX IC50. The values are presented in TFP IC60-PTX IC60 was around 28.4%; the 

predictions were 29.1% for JI and 36.6% for CI. The values are reported in the additive 

surface were generally positive, as reported in Table S II. The differences between the data 

and the theoretical percentages of cells are displayed in the same table. They were positive, 

showing antagonism.

Gemcitabine-Paclitaxel Interaction Equations

5 and 6 were used for the fittings of each pair of drugs. Figure 4 shows that as the 

concentration of drugs increased, the percentage of cells was reduced. The surface 

representing an additive interaction covered 64.0 to 22.8% cell survival, 64.0% for the 

combination at low concentrations and 22.8% for the high concentrations. The percentage of 

cells decreased more strongly with PTX than with GEM. Generally, additivity, close to 

synergism, was found. Additivity was found for JI when the ψ was applied to the PTX IC50 

and at low concentration of GEM when the ψ was applied to the GEM IC50. Antagonism 

with JI when the ψ was applied to the GEM IC50 was found at medium and high 

concentrations of GEM. Synergy was found with CI.
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To assess the effect of PTX on GEM, the ψ was applied to the GEM IC50. The values of ψ 
were 1.05 [0.997–1.10] showing additivity for JI and 0.640 [0.559–0.721] with synergism 

for CI.

To assess the effect of GEM on PTX, the ψ was applied to the PTX IC50. The values of ψ 
were 1.02 [0.981–1.05] showing additivity for JI and 0.794 [0.741–0.846] with slight 

synergism for CI. The values are displayed in Table III.

The combinations GEM IC60-PTX IC60, GEM IC60-PTX IC40, and GEM IC40-PTX IC60 

were the ones producing the lowest number of cells for JI. The combinations GEM IC60-

PTX IC60, GEM IC60-PTX IC40, and GEM IC60-PTX IC20 produced the lowest number of 

cells for CI when the ψ was applied to the GEM IC50. The combinations GEM IC60-PTX 

IC60, GEM IC40-PTX IC60, and GEM IC20-PTX IC60 produced the lowest number of cells 

for CI when the ψ was applied to the PTX IC50.

The observed percentage of cells for GEM IC60-PTX IC60 was 24.0%; the predictions were 

around 23.6% for JI and 32.0% for CI. The values are reported in the heatmap (Fig. 4). This 

interaction was additive, because the differences between the data and additive surface were 

below zero with some positive values as reported in Table S III. The differences between the 

data and the theoretical percentages of cells are displayed in the same table. They were 

generally negative; thus, the interaction was probably slightly synergistic, close to additive.

Trifluoperazine-Gemcitabine-Paclitaxel Interaction

Equations 7 and 10 were used for the fittings. Figure 5 shows that for JI, there is antagonism, 

and for CI, there is synergism.

To assess the effect of GEM and PTX on TFP, the ψ was applied to the TFP IC50. The 

values of ψ were 1.20 [1.15–1.25] showing antagonism for JI and 0.559 [0.539–0.579] with 

synergism for CI.

To assess the effect of TFP and PTX on GEM, the ψ was applied to the GEM IC50. The 

values of ψ were 1.60 [1.57–1.63] revealing antagonism for JI and 0.507 [0.498–0.515] with 

synergism for CI.

To assess the effect of TFP and GEM on PTX, the ψ was applied to the PTX IC50. The 

values of ψ were 1.23 [1.20–1.27] demonstrating antagonism for JI and 0.704 [0.686–0.723] 

with synergy for CI. The values are described in Table IV.

Not surprisingly, the combination TFP IC60-GEM IC60PTX IC60 produced the lowest 

number of cells. The observed percentage of cells for TFP IC60-GEM IC60-PTX IC60 was 

17.6% and the predictions were 9.83% for JI and 17.9% for CI. The values were reported in 

the heatmap (Fig. 6).

This interaction was antagonistic using JI and synergistic with CI because the differences in 

percentages of cells between the data and the additive surface were usually above 0 with JI 

and slightly negative for CI, as reported in TableS IV. In the same table, the differences 

between the data and the theoretical percentages of cells are displayed and oscillated 
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between negative and positive values, generally displaying additivity. At the high 

concentrations of drugs, the differences were greater displaying more antagonism when high 

concentrations of one or several drugs were used.

DISCUSSION

Cell Lines and Combination Index Formulas

The cell line PANC-1 was used because this cell line has the highest proportion (7.57%) of 

side population cells compared to other pancreatic cancer cells: BxPc-3 (0.79%), CFPAC-1 

(2.59%), MIA PaCa-2 (0.03%), and SW1990 (4.19%). The side population cells have the 

same characteristic of CSC (17).

Determination of IC50

The TFP IC50 was 9887 nM, i.e., 9.887 μM. In non-small cell lung cancer cell lines, the TFP 

IC50 was in the range 7.2 to 15 μM (see Table II in (9)). The IC50 was 6 μM in P388 murine 

leukemic cells and in their multidrug-resistant clone (18). Our value agrees with these 

literature results. However, peak plasma concentrations found in humans were about 3 μg/L 

for a dose of 5 mg of TFP (19). The 9887 nM corresponds to 4750 μg/L, i.e., more than one 

thousand times higher. Based on the affinity constant between TFP and albumin (KAlb = 3.3 

× 104 M−1 (20)) and alpha-1-acid glycoprotein (Kα1gp = 6.0 × 105 M−1 (20)), the calculated 

fraction unbound is 2.80% in humans, leading to a TFP-free concentration of 0.0866 μg/L. 

Concentrations of 4.3 g/dL of albumin (MW of 65,000 Da) and 0.9 g/L for alpha-1-acid 

glycoprotein (MW of 42,000 Da) and one binding site for TFP was assumed for each 

protein.

In vitro, FBS contains 2.1 g/dL of albumin and 0.10 g/dL of alpha-1-acid glycoprotein. As 

50 mL of FBS were added to the DMEM, these protein concentrations in the final DMEM 

were 1.91 and 0.09 g/L, leading to a calculated fraction unbound of 42.9% for a 

concentration of free TFP of 2036 μg/L.

While such high TFP concentrations are not feasible for patients, mouse studies with 

xenografts were conducted at a dose of 5 mg/kg/day equivalent to a human dose of 28 mg/

day. The authors observed a smaller tumor size compared to the control and gefitinib, and 

also a sensitization to gefitinib-resistant lung cancer cells (9). While the comparison of TFP 

concentrations in vitro and in vivo is complex, these differences in doses offer a 

pharmacologic feasibility perspective. If TFP acts primarily on CSC with its own renewal 

and differentiation and must distribute into a tumor, then IC50 cannot be directly scaled.

The GEM IC50 was 17.4 nM. This is consistent with previous values for the same cell line 

(PANC-1), which was 20 nM for a basic PD model and 6 nM for a mechanism-based model 

(21). Another study found an IC50 of 17.9 nM for the PANC-1 cells (22). The Cmax of 

gemcitabine was about 30 μM in lung cancer patients after a dose of 1000 mg/m2 (23) or 

24,500 μg/L (24), much higher than our IC50 of 17.4 nM, i.e., 5.21 μg/L. According to the 

FDA, the plasma protein binding is negligible (25), probably around 10% (26).
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The PTX IC50 for eight human cancer cell lines ranged between 2.5 and 7.5 nM (27). This is 

close to our result of 7.08 nM. The Cmax of paclitaxel was 3.2 μM in lung cancer patients 

after a dose of 150 mg/m2 (23) or 7916 μg/L after a dose of 125 mg/m2 (28), much higher 

than our IC50 of 7.08 nM, i.e., 6.05 μg/L. According to the FDA, 89 to 98% of paclitaxel 

was bound from in vitro studies of binding to human serum proteins (29).

The estimates found for the drugs as single agents for two-drug and three-drug 

combinations, based on their IC20, IC40, and IC60 values, were similar to what was found 

with the concentration-response curves. Thus, these values were fixed during the fitting of JI 

and CI equations to assure that any interaction will be revealed from the model and ψ 
values.

Theoretical Percentages of Cells

The method using Eqs. (11) and (12) to calculate the theoretical percentages of cells can be 

used to assess the percentages of cells in the case of additive interactions. This method has 

the advantage of using only information from the fittings of the single agents.

Two-Drug Interactions

The confidence intervals of ψ were probably narrow due to the fact that the single-drug 

effects were very well captured with the Hill-type equations and were fixed afterwards; the 

baseline is close to 100%, leaving the ψ values very well estimated.

Trifluoperazine-Gemcitabine Interaction—In most cases, the combinations of TFP 

and GEM were synergistic, close to additive, according to the 3-D graphs. The use of JI and 

CI mechanisms led generally to the same conclusion. Moreover, TFP seemed to make GEM 

slightly more potent, as the ψ was below 1 (synergy) when it was applied to the GEM IC50. 

The effect of GEM on TFP seemed more additive. The possible anti-apoptotic activity or the 

effect of TFP on CSC combined with the effect of GEM can explain the observed additivity.

In a study on lung cancer cells, TFP induced increases in Bax, Bak, cleaved PARP, and 

caspases 3 and 9 and reductions in Bcl2, XIAP, and Mcl-1. Moreover, an effect on CSC was 

reported (9). The CSC subpopulation of cells features more infiltration, greater plasticity, 

high differentiation capacity, and self-renewal potential. This leads to an intratumoral 

heterogeneity and high tumorigenicity causing resistance to chemotherapy, recurrence, and 

clinical relapse (30–32). One clinical study evaluated the rate of recurrence during 

chemotherapy as 37%. The overall survival of patients without recurrence was estimated at 

26.3 versus 9.3 months for patients with relapse (P < 0.001) (33). The authors observed a 

reduction of the number and volume of CSC tumor spheroids, a decline in CSC markers, 

especially CD44 and CD133, and a decrease in the ALDH+ subpopulation of CSC. 

Moreover, TFP decreased the targets of the Wnt/β-catenin pathway: cyclin D1, c-Myc, and 

c-Met (9). The CD133+ cells were involved in chemoresistance (31). According to different 

studies, ALDHhigh cells were associated with a poor overall survival and are tumorigenic 

(31,34–36). Moreover, CD44+ c-Methigh were described as highly metastatic (31) and c-

Methigh had a capacity of self-renewal and a tumorigenic potential (35). CD44 as well as 

Epcam are involved in the Notch signaling pathway (35,36). CD44 as well as CD24 and 
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Epcam are part of the sonic Hedghog pathway (31,35,37) and CD133 is part of the 

PI3K/AKT/mTOR pathway (35,36).

Because JI and CI results appeared similar in the boxplots (Supplemental Fig. S1), it was 

difficult to assess if the apparent synergy comes from the fact that they act on the same target 

(CI), i.e., due to the apoptotic effect of TFP or if they act on different targets (JI), in which 

case it is not possible to determine if the synergy was due to a direct anti-apoptotic effect or 

via anti-CSC effects of TFP.

Conatumumab and tigatuzumab targeting DR5 and cabozantinib targeting c-Met were or are 

currently in clinical trials for pancreatic cancer and seem to act on the ALDH+ and 

CD44+CD24+ cell populations for tigatuzumab and on cMethighCD44+ and 

CD44+CD24+ESA+ for cabozantinib (38,39). Cabozantinib was approved for renal and 

thyroid carcinomas. Conatumumab was abandoned but several studies are running for 

tigatuzumab. Thus, TFP seemed a good candidate to evaluate.

Trifluoperazine-Paclitaxel Interaction—As most of the ψ values were above but close 

to 1, the interaction TFP-PTX was antagonistic, close to additive. The use of JI and CI 

mechanisms led roughly to the same conclusion. Moreover, the effect of PTX on TFP 

seemed additive, and the effect of TFP on PTX appears antagonistic, because ψ was above 

1.

Gemcitabine-Paclitaxel Interaction—The interaction GEM-PTX was additive, close to 

synergy. The equations do not lead to the same conclusions. The interactions were additive 

for JI. The interactions were synergistic for CI. The boxplots in Fig. S3 seemed less variable 

with JI; thus, the interaction was probably additive.

The combination GEM-PTX has been well studied. Additivity was found when the drugs 

were used simultaneously and when GEM was followed by PTX. The same study showed a 

synergistic effect on the growth inhibition of a breast cancer cell line if PTX was used during 

the first 24 h and GEM in the following 48 h. The range of concentrations was 0.1–29.3 nM 

for PTX and 3.34–3337 nM for GEM (5). These were similar to our concentrations. 

Likewise, in a combination study of GEM-PTX in non-small-cell lung cancer cells, more 

apoptotic cells were observed when PTX was given prior to GEM. A possible explanation 

can be the increase of dFdCTP (active form of GEM) and its increased incorporation into 

RNA. Deoxycytidine kinase levels and incorporation into DNA were not affected by PTX 

(40). Despite these positive effects, all the interactions were additive or antagonistic, as the 

range of combination index values was 1–2.6. The range of IC50 values was 5.6–88 nM for 

PTX and 4.3–25 nM for GEM, which were similar to our study. This was confirmed by the 

results from a clinical trial in non-small-cell lung cancer (NSCLC) patients. They found no 

pharmacokinetic interaction, but showed an increase in dFdCTP accumulation which 

improved the antitumor activity (23). This increase would be the consequence of the 

inhibition by PTX of cytidine deaminase, the enzyme responsible of the production of the 

inactive metabolites: dFdU, leading to an increase in the ratio dFdC/dFdU and an increase of 

dFdCTP in tumors. This inhibition is a PTX-induced ROS mechanism and can be overturned 

by N-acetylcysteine (41).The metabolic pathway of GEM is presented in Fig. S5.
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However, other studies by the same authors reached different conclusions. Synergy was 

demonstrated between GEM-PTX in the same type of cancer (non-small-cell lung cancer 

cells) and PTX caused an increase in deoxycytidine kinase and cytidine deaminase activity 

despite a decrease in their mRNA and PTX decreased deoxycytidine kinase protein but did 

not affect cytidine deaminase protein (42), leading to a decrease in dFdU, but PTX did not 

affect significantly the intracellular accumulation of the triphosphate metabolite. The authors 

reported that above 20 μM of GEM a saturation of deoxycytidine kinase occurred (43) and 

also that PTX decreased the systemic clearance and volume of distribution of GEM (44).

Antagonism between these two drugs was found in a study where GEM and PTX were used 

simultaneously or sequentially in human lung A549, breast MCF7, and pancreas 

adenocarcinoma P-SW cell lines. The authors concluded that GEM antagonized the cell 

killing from PTX. At that time, they also urged caution for the clinical trials combining both 

drugs (45). Nevertheless, the combination GEM and nab-PTX extended patient survival. The 

protocol used in common practice is administration of 125 mg/m2 of nab-paclitaxel followed 

by 1000 mg/m2 of gemcitabine IVover 30–40 min on days 1, 8, and 15 of each 28-day cycle 

(46,47).

There are other possible reasons of the success of the combination GEM-PTX, beyond the 

increase in the active metabolite dFdCTP. Fragmentation of DNA was found with this drug 

combination in one study (5). It was possible that GEM and PTX acted on the same pathway 

among the Bax/Bcl2 apoptotic pathway and especially the Bcl-2-related mitochondrial 

apoptotic pathway, but perhaps on different targets since JI seemed better. In the treatment 

schedule where PTX was followed by GEM, there was an increase of the ratio Bax/Bcl2 

(Bax is pro-apototic and Bcl2 is anti-apoptotic) (5). A potential reason for the additivity 

observed in vitro, but of the good efficacy in vivo of the combination GEM-PTX, may be the 

inhibitory effect of PTX on the pancreatic stellate cells (PSC), demonstrated in a model 

using a 3D culture (48).

At a ratio of 10/1, GEM/PTX was found synergistic in PANC-1 cells (combination index = 

0.5). These values correspond to 8343 nM of GEM and 293 nM of PTX. It is important to 

note that the IC50 found with PANC-1 cells by the authors (GEM IC50 = 60,736 nM, PTX 

IC50 = 9369 nM) were much higher than our values (49).

Three-Drug Interactions

The interaction equations do not consistently lead to the same conclusions. The interaction 

TFP-GEM-PTX appeared to be antagonistic for JI and synergistic for CI. As the boxplots in 

Fig. S4 show less bias and are less variable for the CI, the interaction was probably more 

synergistic, close to additivity.

In one study, synergy was described between the oncolytic adenovirus AdNuPARmE1A that 

target the Notch signaling pathway, in combination with gemcitabine and nab-paclitaxel in 

xenograft and PDX models. TFP acts on the Notch pathway via its effect on cancer stem cell 

marker CD44. Moreover, the authors explained that gemcitabine and paclitaxel could act 

together via the activation of NF-κB and trapping of the NF-κB transcription factor in order 

to act as a decoy system, preventing the activation of pro-survival genes and promoting 

Molins and Jusko Page 13

AAPS J. Author manuscript; available in PMC 2020 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



apoptosis. These mechanisms of action could explain the synergy observed between TFP, 

GEM, and PTX because it would be an interaction between the two pathways: Notch and 

NF-κB. However, this adenovirus was also synergistic with gemcitabine and nab-paclitaxel 

used as single agents contrary to our study that showed synergy, close to additivity, of TFP 

with GEM and antagonism for TFP-PTX (50).

In another study, the combination of GEM with a Notch inhibitor, PF-03084014 (a selective 

γ-secretase inhibitor) prevented the activation of Notch target genes, inhibited tumor cell 

proliferation, reduced angiogenesis, decreased the tumor-resident CSC, and induced 

apoptosis (51).

Moreover, the synergy, close to additivity, observed can be the consequence of an interaction 

on the Bax/Bcl2 apoptotic pathway because, as described above, in the treatment schedule 

where PTX was followed by GEM, the ratio of Bax/Bcl2 increased (5). TFP is also known 

to increase Bax and decrease Bcl2 (8,9).

To optimize any effects further, sequential treatments should be studied. One report showed 

that doxorubicin (4 h) followed by PTX (24 h) and then by 48 h washout before 24 h of 

GEM treatment achieved the maximum effect due to cell cycle perturbations (52).

Figure 5 provides a unique Bheat-spot^ method for presenting a four-dimensional 

relationship. The graph displays the three-drug concentrations used and the colors indicate 

the nature of the interactions that were found. It is very complicated designing interaction 

studies with three drugs and concise presentation of study results can be challenging.

Limitations

The determination of IC50 is subject to variation depending on the plates used and on delays 

between the seeding and the determination of IC50. These variations can also be due to the 

different methods used (MTT, sulforhodamine assay, Coulter counter) and may be the 

consequence of different methods of analysis (different software and equations).

The definitions and the assumptions for each interaction equation are different, but both 

worked well for this preliminary screening. They indicate the uncertainty of assuming 

simple relationships and interactions when data are limited and mechanisms are 

complicated. To have a better understanding of the type of interaction between these drugs 

and to correct any inconsistencies, a more mechanistic model is needed. Additional 

experiments assessing the cell cycle, apoptosis, and stem cells will provide more information 

for future models allowing more specificity where the interactions take place and the type of 

interactions (21,53).

We also assessed equations for uncompetitive and non-competitive mechanisms but they did 

not work. Our ψ estimates exhibited very narrow confidence intervals leaving little room or 

need for additional interaction terms. An extension of the Ariens et al.’s (12) competitive 

interaction model was recently proposed (54) with addition of several interaction terms for 

multiple drugs similar to our ψ term. Like our approach, it maybe useful for screening cell 

culture data prior to generating more mechanistic insights from additional measurements.
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Due to the heterogeneity of CSC (31,36), it is possible that the use of one drug against one 

or several specific pathways will not be sufficient to affect all of the CSC; multiple drugs 

that are complementary to each other may be necessary.

This study was conducted in vitro and the nature of the interaction can change in vivo. For 

example, interaction between sorafenib and everolimus was found slightly antagonistic in 

cell cultures, but an in vivo study with mice showed a synergistic effect (55). Thus, in vivo 
xenograft experiments could confirm or disprove the degree and nature of the interactions. 

Use of 3-D cell cultures may offer reliability, because drug resistance found in vivo appeared 

also in 3-D cell culture for colon cancer HCT-116 cells (56,57). Moreover, a 3-D cell culture 

allows heterogeneity of cells combining PDAC (pancreatic ductal adenocarcinoma) and 

PSC. The PSC cells produce a dense extracellular matrix as well as enzymes; thus, stroma 

was created naturally and produced an environment closer to human tumors. The authors 

used methylcellulose to induce the formation of spheroids (58). These spheroids were 

supposed to have cancer stem-like properties. It would be interesting to study sequential 

treatments, as the gemcitabine-paclitaxel interaction is schedule-dependent (5).

CONCLUSIONS

The CI and JI interaction equations do not always agree, but use of ψ allows assessment of 

further interactions for two or three drugs. According to estimates of ψ, the combination of 

TFP-GEM was synergistic, close to additivity, and TFP-PTX was antagonistic. The 

interaction GEM-PTX was additive, and TFP-GEM-PTX was synergistic, close to additive. 

The TFP IC60-GEM IC60-PTX IC60 appeared as the best combination and also reduced the 

number of cells by 82.1–90.2%. These results indicate reasonable potential for therapeutic 

benefit for this three-drug combination. Assessing the impact of each drug on CSC, cell 

cycling and the apoptosis pathway is needed to confirm our assumptions and provide better 

understanding of mechanisms of action of this three-drug combination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Concentration-response curves of each indicated drug. Symbols depict data from two 

triplicate experiments and lines show fittings using Eq. (1)
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Fig. 2. 
Concentration-effect graph and predicted percentage of cells for the interaction TFP-GEM 

for joint inhibition and competitive inhibition with ψ applied to TFP and GEM IC50 values. 

The surface represents the additive interaction. The points in blue are above the surface 

(antagonism); in green, if within 2.5% of the additive surface; and in red, when below the 

surface (synergy)
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Fig. 3. 
Concentration-effect graph and predicted percentage of cells for the interaction TFP-PTX 

for joint inhibition and competitive inhibition with ψ applied to TFP and PTX IC50 values. 

The surface represents the additive interaction. Colors are defined in Fig. 2
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Fig. 4. 
Concentration-effect graph and predicted percentage of cells for the interaction GEM-PTX 

for joint inhibition and competitive inhibition with ψ applied to GEM and PTX IC50 values. 

The surface represents the additive interaction. Colors are defined in Fig. 2
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Fig. 5. 
Concentration-effect graph for the interaction TFP-GEM-PTX for joint inhibition and 

competitive inhibition with ψ applied to TFP, GEM, and PTX IC50 values. Colors are 

defined in Fig. 2
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Fig. 6. 
Predicted percentage of cells for the interaction TFP-GEM-PTX for joint inhibition and 

competitive inhibition with ψ applied to TFP, GEM, and PTX IC50 values. Colors are 

defined in Fig. 2
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