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Abstract
The multi-drug combination regime, FOLFIRINOX, is a standard of care chemotherapeutic therapy for pancreatic cancer 
patients. However, systematic evaluation of potential pharmacodynamic interactions among multi-drug therapy has not been 
reported previously. Here, pharmacodynamic interactions of the FOLFIRINOX agents (5-fluorouracil (5-FU), oxaliplatin 
(Oxa) and SN-38, the active metabolite of irinotecan) were assessed across a panel of primary and established pancreatic 
cancer cells. Inhibition of cell proliferation was quantified for each drug, alone and in combination, to obtain quantitative, 
drug-specific interaction parameters and assess the nature of drug interactions. The experimental data were analysed assuming 
Bliss independent interactions, and nonlinear regression model fitting was conducted in SAS. Estimates of the drug interac-
tion term, psi (ψ), revealed that the Oxa/SN-38 combination appeared synergistic in PANC-1 (ψ = 0.6, 95% CI = 0.4, 0.9) 
and modestly synergistic, close to additive, in MIAPaCa-2 (ψ = 0.8, 95% CI = 0.6, 1.0) in 2D assays. The triple combination 
was strongly synergistic in MIAPaCa-2 (ψ = 0.2, 95% CI = 0.1, 0.3) and modestly synergistic/borderline additive in PANC-1 
2D (ψ = 0.8, 95% CI = 0.6, 1.0). The triple combination showed antagonistic interactions in the primary PIN-127 and 3D 
PANC-1 model (ψ > 1). Quantitative pharmacodynamic interactions have not been described for the FOLFIRINOX regimen; 
this analysis suggests a complex interplay among the three chemotherapeutic agents. Extension of this pharmacodynamic 
analysis approach to clinical/translational studies of the FOLFIRINOX combination could reveal additional pharmacody-
namic interactions and guide further refinement of this regimen to achieve optimal clinical responses.
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Introduction

Pancreatic adenocarcinoma (PDAC) has one of the highest 
mortality rates, with a 5-year survival rate of approximately 
9% and an average survival time of less than 6 months (1). 
The poor prognosis of PDAC is due to a combination of 
factors including frequent diagnosis at a late stage, when it 
is locally advanced or metastatic, and its asymptomatic pro-
gression (2). Because of the combined effect of genetic and 
epigenetic modifications in pancreatic tumours, they exhibit 
an aggressive nature, with therapeutic resistance from an 
early stage (3, 4).

Surgery remains the only curative option for pancreatic 
cancer patients; however, less than one in five patients are eli-
gible for surgery. Patients often receive neoadjuvant therapy 
to down-stage tumour burden and allow resection (5). There 
is limited data on regimen selection, with the most common 
therapeutic regimes selected for the metastatic disease being 
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FOLFIRINOX (5-fluorouracil (5-FU)/leucovorin (LV), iri-
notecan and oxaliplatin (6)) or gemcitabine/nab-paclitaxel. 
There is even less guidance in relation to second-line regi-
mens. Studies comparing the efficacy of FOLFIRINOX 
versus gemcitabine/nab-paclitaxel are also confounded 
based on comparisons of different patient populations (7). 
FOLFIRINOX is the preferred first-line option for patients 
with metastatic PDAC younger than 76 years and who have 
good performance status (ECOG 0 or 1). To increase toler-
ability and decrease side effects, modified FOLFIRINOX 
regimens typically eliminate the 5-FU bolus loading dose 
(8, 9). Patients also receive these agents as adjuvant (10) and 
palliative treatment settings (11, 12).

Empirical clinical optimisation of multi-drug treatment 
regimens is often hampered by a lack of understanding of 
pharmacodynamic (PD) drug-drug interactions (DDIs) (13). 
DDIs can be additive, synergistic or antagonistic (14). With 
additive interactions, the overall effect of a drug combina-
tion is the sum of the pharmacological effects of the indi-
vidual agents (15). Synergistic interactions have an overall 
effect that is greater than additive, and conversely, antago-
nism represents an overall response that is less than addi-
tive. However, the approaches to evaluate PD DDIs vary, 
and these terms are frequently misused (13). PD DDI stud-
ies require the assessment of interactions between multi-
ple concentrations of each single agent in the combination, 
which decreases the feasibility of studying PD interactions 
in animal models and clinical trials. With the clinical pro-
liferation of combination therapies, there is an increasing 
opportunity for the application of mathematical modelling 
strategies to evaluate therapeutic combination regimens (16), 
which could ultimately enable therapeutic optimisation by 
modelling and simulation. Improvements in high-throughput 
experimental and computational techniques are contribut-
ing to the growing rationale for using PD DDI modelling in 
clinical trials (17).

In vitro cellular models of PDAC often fail to represent 
the heterogeneity of the tumour and the tumour microenvi-
ronment. In recent years, a shift to 3D spheroid or organoid 
models to recapitulate more physiologically relevant mor-
phologies has occurred. Nelson et al. described a method for 
the establishment of organoids and isogenetically matched 
2D primary cell lines from PDAC patient-derived xeno-
graft (PDX) tumour samples (including PIN-127) and reca-
pitulation of the cell lines to cell-line organoids that were 
shown to be morphologically, molecularly and transcription-
ally similar to their PDX-derived tumour organoids (18). 
Another study compared a large drug panel across 2D and 
3D cultures, finding that most cytotoxic agents were less 
active in 3D, but a few drugs showed greater cytotoxic-
ity in 3D models compared to 2D culture, which proved 
to be both cell and drug dependent (19). Ait-Oudhia et al. 
described a 3D and dynamic cellular system suitable for in 

vitro pharmacokinetic (PK) and PD analysis of combination 
therapies and compared this to static 2D culture, showing 
that 2D data successfully predicted the 3D data profiles (20). 
These studies highlight the importance of incorporating mul-
tiple cellular models into drug screening experiments.

Here, we investigated PD DDIs of the drugs in the FOL-
FIRINOX regimen to determine the nature of their interac-
tions, using both primary and established pancreatic can-
cer cell lines cultured as 2-D and 3-D models. The three 
cytotoxic agents of FOLFIRINOX were evaluated alone, in 
pairwise combinations, and together over ranges of concen-
trations. For each combination, a quantitative DDI term, psi 
(ψ), was derived to express the nature and magnitude of the 
interaction. Established pharmacodynamic modelling strat-
egies for pairwise comparisons of drug interactions were 
extended to include triple drug combinations.

Materials and Methods

Cell Culture

The human pancreatic cell-line MIAPaCa-2 was obtained 
from the European Collection of Cell Cultures (ECACC, 
UK). BxPC-3 and PANC-1 human pancreatic cancer cell 
lines were obtained from the American Type Culture Col-
lection (ATCC, Rockville, MD, USA). PIN-127 cells were 
derived in-house from a patient-derived xenograft model as 
previously described (21).

PANC-1 and MIAPaCa-2 cells were grown in DMEM 
(Sigma-Aldrich, Dublin, Ireland) supplemented with 5% 
(v/v) fetal bovine serum (FBS) (Thermo Fischer Scien-
tific, UK) and 2% L-glutamine. BxPC-3 cells were grown 
in RPMI-1640 medium supplemented with 5% (v/v) FBS. 
PIN-127 cells were cultured in DMEM/F-12 Hams medium 
supplemented with 10% (v/v) FBS (Corning, SA). Cells 
were grown in a humidified atmosphere with 5%  CO2 at 
37℃ in culture flasks. Cells were sub-cultured, using PBS 
to wash and trypsin–EDTA (Bio-Sciences Ltd, Ireland) to 
detach when cells reached 80–90% confluency.

Reagents

SN-38, the active metabolite of irinotecan, was obtained 
from Stratech Scientific Ltd (Ely UK). A 10 mM SN-38 
stock solution was prepared in DMSO and stored as ali-
quots at − 20℃. Leucovorin was purchased from Sigma-
Aldrich (Dublin, Ireland), and 10 mM stocks were prepared 
in water. 5-Fluorouracil (5-FU) and oxaliplatin (Oxa) were 
supplied as clinical formulations from St. Vincent’s Univer-
sity Hospital, Dublin, at stock concentrations of 192 mM and 
12.5 mM, respectively, and stored at room temperature. All 
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reagent aliquots were dated upon reconstitution and assessed 
to ensure efficiency was consistent between replicates.

2D Proliferation Assay

MIAPaCa-2, PANC-1, BxPC-3 and PIN-127 cells were 
seeded in 96-well plates at a density of 1 cells/mL, 2 cells/
mL, 3 cells/mL, and 5 ×  104 cells/mL, respectively, and incu-
bated overnight at 5%  CO2 and 37℃. The following day, 
freshly prepared drug dilutions were added to each well. 
Two approaches were taken for drug exposure concentra-
tions. (1) Fixed ratio: cells were treated with single, pair-
wise and triple combinations at a fixed ratio, or (2) Varying 
ratio: pairwise drug combinations at 5 concentrations of 
each drug, resulting in 25 combinations were tested. The 
plates were incubated for a further 6 days until control cells 
approached confluency. Following incubation with the drug, 
the media was removed, and cell proliferation was quanti-
fied using an acid phosphate assay as previously described 
(22). Briefly, the wells were washed with phosphate-buff-
ered saline (PBS). Paranitrophenol phosphate (PNP) (Ther-
moFisher) substrate (10 mM PNP in sodium acetate buffer, 
pH 5.5) was added to each well and incubated (37℃) for 
1–2 h; 50 µL 1 M NaOH was added, and the absorbance was 
read at 405 nm (reference – 620 nm).

Both methods required different analysis software. 
Schema (1) in which cells were treated with single, pair-
wise and triple combinations at fixed ratio were analysed 
using SAS 9.4 software as described in the ‘Mathematical 
Modelling’ section. Schema (2) in which cells were treated 
with varying ratios of pairwise combinations at 5 concen-
trations of each drug was analysed using Combenefit™, as 
described in the ‘Analysis of Varying Pairwise Ranges Using 
 CombenefitTM Software’ section.

Analysis of Varying Pairwise Ranges Using 
Combenefit™ Software

As described in the ‘2D proliferation assay’ section, BxPC-3 
and PIN-127 cells were examined using a varying pairwise 
concentration proliferation assay. In vitro experimental data 
were analysed using a surface approach, in which data were 
compared to mathematical models of concentration response 
for additive combinations. To keep results comparable, the 
Bliss model was selected. In brief, an experimental con-
centration–response surface that describes the combination 
effect in a concentration space was derived from a matrix 
of percentage of control values across concentrations. The 
effect of the single agents was extracted from the data by 
curve fitting. Based on the single agent curves, a model-
based pairwise combination concentration–response surface 
was composed, providing a ‘reference’ surface for additivity.

Experimental and model-generated combination concen-
tration–response surfaces were then compared, resulting in a 
synergy distribution in concentration space (23).

3D Cell Proliferation Assay

96 well plates coated with 50 μL polyhema (Sigma-Aldrich 
S3932, 5  mg/mL in 96% ethanol) were baked at 50℃ 
for two days. Plates were stored at room temperature for 
up to 6 months. PANC-1 cells (90 µL/well) were seeded 
at 2 ×  104 cells/mL in 5% FBS DMEM with Matrigel™ 
(Sigma-Aldrich) (2%) and incubated overnight at 37℃. 
Serial drug dilutions in complete media (30 μL) or drug-
free media (control) were added to the wells and incubated 
at 37℃. After 9 days, cells were quantified using alamar-
Blue® Cell Viability assay (Invitrogen) to avoid the washing 
steps required for the acid phosphate assay. Briefly, 12 μL 
of alamarBlue® reagent (10% of final volume) was added to 
the wells and incubated at 37℃ for 4 h, and fluorescence was 
measured at 535/590 nm excitation/emission wavelength on 
a Biotek plate reader using KC4 software. The blank for the 
background consisted of media and 2% Matrigel™. Percent 
viability was calculated relative to untreated control. Each 
assay was performed in biological triplicate.

Mathematical Modelling

Single‑drug Studies

For single-agent 5-FU, oxaliplatin and SN-38, the  IC50 (half 
maximal inhibitory concentration) values were determined 
using the Hill equation (Table I, Eq. (1)). In this equation, 
Ri represents the viability of cells after 5 days of exposure to 
drug i ; Imax represents the maximum inhibition achieved at a 
high concentration; C represents the concentration used for 
testing; IC

50
 represents the concentration to achieve 50% of 

Imax; and m is the Hill coefficient that corresponds with the 
steepness of the inhibition curve. These parameters provided 
the foundation for further pairwise and triple drug combina-
tion studies and associated modelling. The data were ana-
lysed by nonlinear regression to provide a statistical analysis 
of the estimated parameters.

Pairwise Drug Combinations

A universal response surface approach to fit all data simul-
taneously was applied to the Bliss independent model to 
analyse cell viability data for PANC-1 (2D and 3D), MIA-
PaCa-2, BxPC-3 and PIN-127 (24, 25). In Eq. (2) (Table I), 
i and j represent the two drugs in a combination pair; and 
psi ( �) is the drug interaction term for combination treat-
ments. The interaction term � is introduced into the equation 
to quantify interaction in combination groups. If � < 1, the 
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interaction is synergistic, additive if � = 1, and antagonistic 
if � > 1. Upper and lower 95% confidence intervals were 
used to show statistically significant interaction indexes. In 
fitting the data, � was estimated separately for both drugs to 
evaluate the sensitivity of the calculated value.

Triple Drug Combination

The FOLFIRINOX combination includes leucovorin (LV) 
as a potential sensitiser of tumour cells to 5-FU (26, 27). In 
vitro analysis of the 5-FU/LV combination showed no sig-
nificant synergistic effect (Supplementary Fig. S2). There-
fore, further analyses included only the three cytotoxic FOL-
FIRINOX drugs. For pharmacodynamic modelling of the 
triple drug combination, Eq. (2) was expanded, as shown 
in Eq. (3) (Table I). In estimating � , the fitted value was 
assigned to the IC50 of each cytotoxic agent as follows: 5-FU 
(MIAPaCa-2/BxPC-3), SN-38 (PANC-1 2D/3D) and 5-FU 
and Oxa (PIN-127).

Model Fitting

Model fitting was conducted in SAS 9.4 (Cary, NC) using 
the nonlinear regression procedure ‘nlin’ with the MAR-
QUARDT method (Fig.  1). The models were weighted 
by the square of the fitted values (i.e. inverse of the vari-
ance). The theoretical additive responses were calculated 
by Monte-Carlo simulation considering the uncertainty of 
parameter estimation and random experimental error [28].

Results

Effect of the Single FOLFIRINOX Agents in Pancreatic 
Cancer Cells

Concentration-effect assays of each single agent were per-
formed to determine  IC50 values. The 2D assays employed 

an acid phosphatase end-point assay, whereas the 3D assays 
employed alamarBlue to estimate cell proliferation. alamar-
Blue measures cellular metabolic activity; the active ingre-
dient resazurin is reduced to the resorufin product within 
viable cells and as such is an indirect measure of cell pro-
liferation. To ensure comparability, a comparison of the 
alamarBlue and acid phosphatase proliferation assays was 
performed for the triple combination in PANC-1 cells, and 
the results were statistically equivalent (Supplementary 
Fig. S1).

Model-estimated parameters Imax,  IC50 and m (Table II) 
were consistent with the experimental data in Fig. 1. Vary-
ing responses to each single agent were observed for each 
cell line (Table II). BxPC-3 cells were the most sensitive to 
5-FU  (IC50 = 0.5 μm), and MIAPaCa-2 cells were the least 
sensitive  (IC50 = 5.4 μm). The primary cell-line PIN-127 was 
the most sensitive to oxaliplatin and to SN-38. PANC-1 cells 
were the least sensitive to SN-38 in these in vitro studies in 
both 2D  (IC50 = 7.6 nm) and 3D  (IC50 = 42.9 nm) cultures.

Leucovorin (LV), a potentiator of 5-FU efficacy (26), was 
tested alone and combined with 5-FU across the panel of cell 
lines. Supplementary Fig. S2 shows that single-agent LV had 
no effect on cell proliferation and no statistically significant 
potentiating effect in combination with 5-FU. Therefore, 
the remaining evaluation of 2- and 3-drug effects on the 
cell-line panel included only the 3 cytotoxic agents of the 
FOLFIRINOX combination.

Combination of Oxaliplatin and SN‑38 
Synergistically Inhibits Cell Proliferation Across 
Multiple Pancreatic Cancer Cell Lines

Analysis of the pairwise pharmacodynamic interactions 
of each agent of the FOLFIRINOX regimen demonstrated 
that oxaliplatin and SN-38 was the only combination that 
showed synergistic interactions across two cell lines. This 
synergy was observed in MIAPaCa-2 (2D) and PANC-1 
(2D), as shown in Table III. This suggests that oxaliplatin 

Table I  Pharmacodynamic Equations for Model Fitting

SAS 9.4 software was used to model the effect of the single, pairwise and triple combinations on cell proliferation. The equations were applied 
to single (Eq. (1)), pairwise (Eq. (2)) and triple (Eq. (3)) combination data to determine pharmacodynamic interactions.  Imax represents the maxi-
mum inhibition achieved at high concentrations.  IC50 represents the concentration to achieve 50% of  Imax, and m is the Hill coefficient that cor-
responds with the steepness of the inhibition curve
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and SN-38 were the most potent pairwise combination. Bor-
derline additive interactions were observed between 5-FU 
and oxaliplatin in the MIAPaCa-2 cell line, whereas interac-
tions trending towards antagonism were observed across all 
other cell lines. SN-38 and 5-FU interactions were additive 
in both the MIAPaCa-2 and PANC-1 cell lines but trended 
towards antagonistic in the PIN-127, BxPC-3 and PANC-1 
3D cells, with � values ranging from 1 to 8.4 (Table III). 
These results suggest that 5-FU/Oxa and SN-38/5-FU show 

less beneficial DDI than oxaliplatin/SN-38 in this panel of 
pancreatic cancer cells.

Each of the pairwise drug combinations displayed antago-
nistic interactions in the primary PIN-127 and KRAS wild-
type BxPC-3 cell lines, with � values listed in Table III. To 
evaluate these drug interactions further, BxPC-3 (Fig. 2) and 
PIN-127 (Fig. 3) cell proliferation was evaluated in a 5 × 5 
grid of concentrations. Experimental response to these vary-
ing concentrations as percentage proliferation compared to 

Fig. 1  Experimental versus 
model-fitted responses. SAS 9.4 
software was used for nonlinear 
regression to generate the model-
fitted values for the single-drug 
experiments in all cell lines. The 
points on the graphs represent 
the observed data, and the solid 
sigmoidal lines represent the 
model-fitted curves. Columns 
1–3 represent 5-FU, oxali-
platin and SN-38. Cell lines 
are separated into rows A–E: 
MIAPaCa-2 (A), PANC-1 2D 
(B), PANC-1 3D (C), BxPC-3 
(D) and PIN-127 (E)
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Table II  Model-estimated Pharmacodynamic Parameters for the Single Agent Chemosensitivity Experiments Across All Cell Lines

Parameter values were derived by nonlinear regression using SAS 9.4, and parameter abbreviations are defined in Table I
MG, model generated; SE, standard error

Table III  Summary of the Pairwise Combinations Across the Cell Lines

The psi (ψ) interaction term was estimated for the combinations using Eq.  (2) (Table  I). Interactions were categorised as synergistic (ψ < 1), 
additive (ψ = 1) or antagonistic (ψ > 1). Red indicates antagonism, orange indicates additivity, and green identifies combinations with synergistic 
interactions
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control is shown in Fig. 2A, E, I (BxPC-3) and Fig. 3A, E, I 
(PIN-127). Bliss scores generated by Combenefit™ are col-
oured when greater than 0 to indicate statistically significant 
synergistic effects. The experimental combination concen-
tration–response surface, with an overlay of synergy levels, 
illustrated the inhibition of proliferation achieved within the 
concentration space (Fig. 2B, F, J: BxPC-3 and Fig. 3B, F, 
J: PIN-127). Figure 2K, L shows an identified area of syn-
ergy for BxPC-3 cells, but it was narrowly confined at 5 μm 
oxaliplatin and 6.25 nm SN-38. Substantial antagonism was 
observed for oxaliplatin and 5-FU at higher drug concen-
trations, with antagonism scores ranging from − 15 to − 17, 
as shown in Fig. 2G, H. Importantly, the overall interac-
tions remained additive or antagonistic in agreement with 
the model fitting results shown in Table III. This highlights 
how pharmacodynamic modelling could be used to identify 
potential opportunities to increase efficacy and minimise 
overlapping toxicity by utilising lower drug concentrations.

In PIN-127 cells, the combination of 5-FU and SN-38 
showed numerous antagonistic combination ratios at the 
higher concentration range for both drugs (Fig. 3C, D). 
Antagonism scores ranged from − 8 to − 17; 5-FU (2.5 µM, 

5 µM, and 10 µM) combined with SN-38 (5 nm and 10 nm) 
were antagonistic, with the highest antagonism observed 
between 5 µM and 10 µM 5-FU and 5 nm SN-38. Figure 3G, 
H displays the antagonism observed between 5 µM oxali-
platin and 10 µM 5-FU, with an antagonism score of − 9 
(p-value < 0.05). At the higher concentration ratios, antago-
nism was observed for the pairwise combination of oxali-
platin and SN-38; antagonism scores of − 14 and − 10 were 
observed at 5 µM Oxa/5 nm SN-38 and 2.5 µM Oxa/10 nm 
SN-38, respectively. These antagonistic interactions are con-
cordant with the findings from fixed-concentration treatment 
experiments shown in Table III. These trends of antagonism 
between the pairwise combinations in the BxPC-3 and PIN-
127 cell lines were mirrored in the triple combination.

A Range of Antagonistic Interactions Found Among 
the 3‑Drug Combination

MIAPaCa-2 was the most sensitive to the triple combi-
nation of 5-FU, oxaliplatin and SN-28, showing strongly 
synergistic interactions (Table  IV). Whereas PANC-1 
cells displayed marginally synergistic interactions in 

Fig. 2  Pairwise combinations produce varying areas of strong 
antagonism and synergy in BxPC-3 cells. A–D: response to 5-FU/
SN-38, E–H: response to Oxa/5-FU, I–L: response to Oxa/SN-38. 
Analysis of altering concentration–response represented in matrix 
format (A, E, I) and surface plot (B, F, J) as a percentage of pro-
liferation compared to media control. Synergy levels in matrix 
format (C, G, K) represent the synergy/antagonism score with the 

standard deviation number listed below; only coloured synergy levels 
were significant following a one-sample t-test (*p-value < 5 ×  10−2; 
**p-value <  10−3; ***p-value <  10−4). This is generated by Comben-
efit.™ according to the Bliss independent model in comparison 
to the reference concentration–response surface (D, H, L). Data, 
mean + / − SD, n = 3
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2D, the �  value changed from 0.8 to 1.6 in 3D condi-
tions, indicating additivity trending towards antagonism. 
Although synergy/additivity was observed in MIAPaCa-2 
and PANC-1, respectively, simultaneous exposure to the 
triple combination resulted in antagonistic interactions 

in the other cell lines (Table IV): PIN-127 ( �  = 5.6), 
BxPC-3 ( �  = 1.4) and PANC-1 in 3D ( �  = 1.6). Nev-
ertheless, despite indications of antagonism, the triple 
combination resulted in the greatest overall reduction in 
cell proliferation compared to each pairwise combination 

Fig. 3  Pairwise combinations produce areas of strong antago-
nism in primary PIN-127 pancreatic cancer cells. A–D: response 
to 5-FU/SN-38, E–H: response to Oxa/5-FU, I–L: response to Oxa/
SN-38. Analysis of altering concentration–response represented in 
matrix format (A, E, I) and surface plot (B, F, J) as a percentage of 
proliferation compared to media control. Synergy levels in matrix 
format (C, G, K) represent the synergy/antagonism score with the 

standard deviation number listed below; only coloured synergy levels 
were significant following a one-sample t-test (*p-value < 5 ×  10−2; 
**p-value <  10−3; ***p-value < 10.−4). This is generated by Comben-
efitTM according to the Bliss independent model in comparison 
to the reference concentration–response surface (D, H, L). Data, 
mean + / − SD, n = 3

Table IV  Summary of the Triple Combination Across the Panel of Cell Lines

The interaction term psi (ψ) was estimated in combination treatments using Eq.  (3) (Table I). Red indicates antagonism, and green identifies 
combinations with synergistic interactions
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(Fig. 4), except for the BxPC-3 cell line, where oxaliplatin 
plus SN-38 mediated the greatest reduction in prolifera-
tion (Fig. 4C). Oxaliplatin plus SN-38 was also the sec-
ond-most effective combination at reducing proliferation 
across the remaining cell lines and was shown to be the 
only combination demonstrating synergistic interactions.

Figure 5 displays the drug interaction score for mul-
tiple concentrations combinations of the triple drug 
combination for each cell line. In agreement with the 
antagonism of the triple combination, the majority of 
experimental points displayed in Fig.  5 are above the 
y-axis horizontal line (model-predicted additivity) and 
are coloured red symbolising antagonistic interactions. 
Lower concentrations of the triple combination were bet-
ter than additive in both PANC-1 2D and 3D cultures 
(Fig. 5A, B). Figure 5E shows that this combination is 
strongly synergistic in MIAPaCa-2 cells, as the majority 
of points are below the y-axis horizontal even at relatively 
low drug concentrations.

Discussion

Despite the clinical superiority of FOLFIRINOX over 
gemcitabine as first-line therapy in patients with meta-
static pancreatic cancer, the regime is associated with a 
greater toxicity profile. Patient selection and monitoring is 
of prime importance (6). The high observed toxicity raised 
the question as to how the regime could be optimised to 
increase its availability to more patients. Optimisation of 
the regime requires a better understanding of the pharma-
codynamic drug-drug interactions among the agents of the 
FOLFIRINOX regimen. In the present study, we investigated 
the interaction between Oxa, 5-FU and the active metabolite 
of irinotecan, SN-38, to obtain in vitro evidence of poten-
tial opportunities for optimising the combination of these 
chemotherapeutics for the treatment of pancreatic cancer.

As listed in Table II,  IC50 values for each drug were 
established for a range of pancreatic cancer cell lines 

Fig. 4  Effect of double and 
triple combination agents. The 
response was assessed as a % 
reduction in cell proliferation 
compared to untreated (y-axis). 
Combinations tested were 5-FU, 
Oxa and SN-38 in pairwise vs 
triple combinations. The x-axis 
represents drug concentration 
in uM (5-FU/Oxa) or nM (SN-
38). Cell lines are displayed 
as follows: A PANC-1 2D, 
B PANC-1 3D, C BxPC-3, 
D PIN-127 and E MIAPaCa-2. 
Data represents the average 
and standard deviation of three 
biological replicates
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(MIAPaCa-2, PANC-1 – 2D and 3D, BxPC-3) and pri-
mary cells (PIN-127). As single agents, SN-38 was the 
most potent on all cell lines, with only nm concentrations 
required for 50% cell growth inhibition. Of the two agents 
used at µm concentrations, cell lines were most sensitive 
to Oxa, except for BxPC-3 which was most sensitive to 
5-FU. In a panel of human PDAC cell lines similar to those 
used in this study, Chowbay et al. found that all were most 
sensitive to single-agent oxaliplatin (29). We found that 
overall, the PANC-1 cell line was least sensitive to the 
single agents, with  IC50 values increasing significantly in 
3D cultures. Others have also found increased resistance 
to chemotherapeutics in PANC-1 cells (29, 30).

Our study found that LV combined with 5-FU had no 
significant potentiating effect in vitro and thus was not car-
ried further into triple combination studies. LV’s mecha-
nism of action in vivo is the stabilisation of the ternary 
complex of thymidylate synthase, 5-fluoro-2′-deoxyuridine-
5′-monophosphate and the folate cofactor 5,10-methylene 
tetrahydrofolate (31). LV increases levels of reduced folates 
in tissues overcoming the short half-life of 5-FU (31, 32). 
This complex interaction is not replicated in cell culture 
models that lack contributions of liver catabolism. Others 

have found in in vitro and in vivo experiments that cell lines 
with high thymidylate synthase expression display greater 
enhancement of 5FU cytotoxicity by LV (33, 34). Nakamura 
et al. demonstrated that in cell lines with low expression lev-
els of thymidylate synthase mRNA, LV could not enhance 
the cytotoxicity of 5FU (35). Furthermore, the enhancement 
of 5FU cytotoxicity may be saturated by the folic acid con-
tent of the cell culture medium and serum because of limited 
thymidylate synthase expression of the cells investigated. 
Here, BxPC-3 showed the greatest LV enhancement of 
5-FU (Supplementary Fig. S1A). These cells were cultured 
in RPMI-1640 medium, which has the lowest concentration 
of folic acid compared to other media: 0.001 g/L.

Oxaliplatin plus SN-38 was the only pairwise combina-
tion to show synergistic interactions across multiple cell 
lines (MIAPaCa-2 and PANC-1 2D; Table III), however, 
the � determined for PANC-1 ( � = 0.6, CI = 0.4–0.9) was 
the only interaction where the CI values did not overlap 
with the additive interaction range. Interestingly, this com-
bination trended towards antagonistic at fixed-concentra-
tion combinations in BxPC-3, but demonstrated areas of 
synergy in a 5 × 5 concentration grid. For example, high-
concentration oxaliplatin with low-concentration SN-38 

Fig. 5  Drug interactions 
among triple combination 
agents. The X horizontal line 
(R-Pred) that intercepts Y = 0 
represents predicted additivity 
(Pred), while all points above 
or below this line represent 
the experimental response (R). 
Each dot represents a biologi-
cal replicate. All dots above the 
x horizontal represent drug 
concentrations which are worse 
than additive and are coloured 
red to represent antagonism. All 
dots below the x represent better 
than additive and are coloured 
blue to signify synergistic 
interactions. Cell lines are rep-
resented as follows: A PANC-1 
2D, B PANC-1 3D, C BxPC-3, 
D PIN127 and E MIAPaCa-2
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resulted in a synergy score of 9 (Fig. 2K,L). This suggests 
that investigating concentration ratios, in combination with 
pharmacodynamic modelling, can provide valuable insight 
into multi-drug chemotherapeutic regimens. Previous stud-
ies demonstrated that SN-38 and Oxa reciprocally affect 
the cellular response to DNA damage, resulting in synergy 
between these drugs (36). A recent study developed poly-
meric micelles bearing the active forms of irinotecan and 
Oxa (SN-38/m and DACHPt/m), which showed remarkable 
cytotoxicity in human pancreatic cancer cell lines (37). Like 
the current study, their results highlighted the importance 
of drug ratios to achieve synergy. They found that the clini-
cally used drug weight ratio (irinotecan: Oxa = 2:1) was the 
least effective for the combination of the active compounds 
SN-38/m and DACHPt/m. Here, SN-38 was used in nm con-
centrations at high drug weight ratios for Oxa:SN-38, with 
the highest ratio (Oxa:SN-38 = 800:1), resulting in synergy 
in BxPC3 cells. The alteration of drug concentration ratios 
in the primary PIN-127 cell line did not result in a syner-
gistic shift, but instead brought attention to the antagonistic 
relationship between the agents in this cell line, particularly 
at higher concentrations of both drugs (Fig. 3). The PIN-127 
cell line was isolated from a PDX model and has previously 
been shown to harbour KRAS and phosphoinositide-3-ki-
nase regulatory subunit 1 (PI3K31) mutations (21). BxPC3 
cell line is a KRAS wild-type cell line (38). Therefore, the 
KRAS mutation is unlikely to explain the clustering of 
antagonistic responses observed in these two cell lines.

Oxa and 5-FU pairwise combination was found to be 
antagonistic in 4 out of 5 cell lines examined. PIN-127 
showed strong synergy (ψ = 3.9, 95% CI = 2.1, 5.7) and was 
the only cell line where ψ was outside an additive CI range. 
MIAPaCa-2 displayed additive interactions. Yao et al. have 
shown using FACS analysis that MIAPaCa-2 cells have the 
lowest proportion (0.03%) of side-population cells compared 
to other pancreatic cancer cells used: BxPC-3 (0.79%) and 
PANC-1 (7.75%) (39). Side-population cells share similari-
ties to cancer stem cells (CSCs) and exhibit properties of 
pluripotential differentiation (both in vivo and in vitro) and 
higher levels of chemoresistance (39, 40). Qin et al. (41) 
evaluated interactions between 5-FU and Oxa based on the 
median-effect principle of Chou and Talalay (42) in human 
gastric cancer cell lines. Unlike the results described in 
Table III, which showed additivity or antagonism in pan-
creatic cancer cells, they found synergy. Interestingly, their 
results showed that the synergy was sequence dependent: 
simultaneous and sequential treatments of Oxa, followed 
by 5-FU produced synergistic interaction, with the opposite 
sequence yielding clear antagonism. Another study showed 
that synergistic interactions between 5-FU and Oxa were 
dependent on sequential exposure, with Oxa, followed by 
5-FU, resulting in the most cytotoxic effect in multiple colo-
rectal cancer cell lines [43]. Thus, a sequence-dependent 

effect of Oxa and SN-38 may play an important role in addi-
tion to the drug weight ratio in achieving synergistic interac-
tions between Oxa and SN-38 and better outcomes (41, 43). 
Simultaneous exposure of 5-FU and Oxa could explain the 
antagonistic interactions observed here (Table III).

The main novel finding of this study was that the triple 
combination of Oxa, 5-FU and SN-38 displayed antagonistic 
interactions in BxPC-3, PANC-1 (3D culture) and primary 
PIN-127 cells. PIN-127 cells showed strong antagonism, 
with a drug interaction term of 5.6. Patient-derived PDAC 
cell lines are a useful in vitro tool as they better reflect the 
heterogeneity of patient response to drug regimens, as seen 
in a recent report (44) where a panel of patient-derived 
PDAC cell lines exhibited differential sensitivity to FOL-
FIRINOX. It is important to note that additive DDIs can 
be highly beneficial clinically and that synergy is not a 
requirement for useful treatment regimens. While additivity 
is clinically useful, further evaluating the non-simultaneous 
use of the agents could potentially reduce toxicity, allow-
ing access to this multi-drug regimen to more patients. The 
results shown here suggest that two-drug regimens such as 
Oxa and SN-38 could be equally effective and support the 
need for further preclinical in vivo studies.

Another interesting finding in PANC-1 was the shift from 
trending towards synergy in 2D towards antagonism in 3D. 
We describe this as trending towards antagonism as both 
conditions had confidence intervals that overlapped with 
additivity. Many studies suggest a molecular and phenotypic 
association between increased chemoresistance and the pres-
ence of an EMT-like phenotype of cancer cells (45–47). This 
suggests a hypothesis for the loss of synergy observed in the 
3D growth of PANC-1, as Matrigel can modulate an EMT 
phenotype (48, 49). EMT involves a change in the extracel-
lular matrix as cells detach from the basement membrane 
(BM) and engage the interstitial matrix (50, 51). Matrigel is 
a reconstituted BM isolated from Engelbreth-Holm-Swarm 
mouse sarcomas containing a complex mixture of macro-
molecules including laminin, type IV collagen and enactin 
that mimic BM in vitro (48). Puls et al. have also shown 
matrix-dependent PANC-1 cell sensitivity to gemcitabine, 
with increasing  IC50 values for cells grown in Matrigel (48). 
These observations are consistent with the hypothesis that 
extracellular matrix composition and tumour microenviron-
ment are critical determinants of PDAC drug response and 
sensitivity (3, 4, 52).

The switch from synergy to antagonism observed in 
PANC-1 cells when grown in 3D compared to 2D could 
also result from reduced drug penetration into the centre of 
cell spheroids (53, 54). Cells grown in 3D may also be more 
secretory than their monolayer counterparts, potentially 
increasing paracrine signalling, resulting in differential drug 
responses. Spheroids face additional extracellular cues and 
physical conditions such as rigidity and limited adhesion, 
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which can affect drug response (55). Hypoxia, a common 
characteristic of pancreatic cancers, can alter tumour cell 
phenotype, which adapts their metabolism to sustain growth 
(56) and can result in genetic alterations, giving rise to multi-
drug resistance (57). Spheroids such as those described in 
this study can have increased levels of hypoxia, which could 
explain the antagonistic switch observed (58).

The results shown here confirm that the agents of the 
FOLFIRINOX regimen can have various DDIs in vitro 
depending on the cell line tested. While the triple combi-
nation appeared antagonistic in many cell lines, meaning 
the net effect is less than the additive effect of individual 
agents, it still resulted in greater cell kill than any agent 
alone. Therefore, a better understanding of their pharma-
codynamic interactions is warranted, particularly in vivo.

Early pharmacodynamic modelling of combination thera-
pies (42) was successful in overcoming the assumptions and 
limitations implicit in the classical fractional inhibitory con-
centration index or checkerboard approach (59, 60). How-
ever, interaction parameters must be interpreted cautiously 
in that marginal values, although within objective definitions 
of synergy and antagonism, will not directly translate into 
clinically meaningful interactions.

This study was conducted in vitro, and the nature of inter-
actions may differ in vivo. The results shown in this study 
demonstrated how LV enhancement of 5-FU was not statisti-
cally significant when carried out in vitro due to the lack of 
catabolic activity present in culture conditions. The use of in 
vivo PDX models could overcome this limitation and provide 
more evidence for the DDIs observed here. This study sug-
gests the necessity of further investigation into the complex 
interactions among the FOLFIRINOX agents as a route to 
enhance their efficacy in pancreatic cancer.

Conclusion

Application of a mathematical model-estimated drug inter-
action parameter � reveals that pairwise and triple combina-
tions of the FOLFIRINOX agents exert a range of pharmaco-
dynamic drug-drug interactions across a panel of pancreatic 
cancer cell lines, with numerous combinations being antago-
nistic. Extension of this modelling analysis approach to in 
vivo models could provide greater insight into the optimisa-
tion of this first-line pancreatic cancer treatment regimen. 
Interestingly, analysis of the primary PDX-derived PIN-127 
cell line showed antagonistic interactions among all drug 
combinations. These results suggest a complex interplay 
among the three agents that may be dependent upon spe-
cific tumour cell characteristics, and future work will use 
the PD data to assess whether lower concentrations and/or 
alternate schedules would be both efficacious and less toxic. 
This pharmacodynamic, model-informed approach provides 

a quantitative platform to increase our understanding of 
complex drug interactions, with the objective of identifying 
a more efficacious and tolerable FOLFIRINOX regimen that 
would be feasible for a greater fraction of PDAC patients.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1208/ s12248- 022- 00752-8.
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