
Pharmacodynamic Investigation of Drug Interactions in 

the FOLFIRINOX Regimen for Pancreatic Cancer 

By 

W eylon Garner 

July, 31, 2018 

A thesis submitted to the 
faculty of the Graduate School of 

the University at Buffalo, State University of New York in 
partial fulfillment of the requirements for the degree of 

Master of Science 

Department of Pharmacology & Toxicology 



Table of Contents 

Page 

ABSTRACT ................................................................................................................................................ III 

INTRODUCTION ........................................................................................................................................ 1 
CHARACTERISTICS AND STATISTICS OF PANCREATIC CANCER ........................................................................ 1 

DIAGNOSIS ................................................................................................................................................................. 2 

TREATMENT .............................................................................................................................................................. 4 

Surgery........................................................................................................................................................................ 4 
Chemotherapy.......................................................................................................................................................... 5 

GEMCITABINE plus NAB-PACLITAXEL ...................................................................................................................................... 5 
FOLFIRINOX ............................................................................................................................................................................................ 6 
FFX AGENTS and MECHANISMS of ACTION ............................................................................................................................ 7 

OBJECTIVES AND HYPOTHESES OF THE WORK.................................................................................................. 11 

MATERIALS AND METHODS.............................................................................................................. 12 
REAGENTS .............................................................................................................................................................. 12 

CELL CULTURE ....................................................................................................................................................... 13 

CELL VIABILITY ASSAY ......................................................................................................................................... 13 

TABLE 1 .................................................................................................................................................................. 15 

TABLE 2 .................................................................................................................................................................. 16 

MATHEMATICAL MODELING ............................................................................................................................... 17 

EQUATIONS............................................................................................................................................................. 18 

RESULTS ................................................................................................................................................... 19 
MIA PACA-2 CELL LINE RESULTS ..................................................................................................................... 19 

Single-Drug Studies............................................................................................................................................. 19 
Modeling ofSingle-Drug Studies ...................................................................................................................21 
Two-Drug Combinations................................................................................................................................... 25 
Three-Drug Combination.................................................................................................................................. 32 
Four-Drug Combination ....................................................................................................................................35 

PANC-1 CELL LINE RES ULTS ............................................................................................................................. 40 

Single-Drug Studies............................................................................................................................................. 40 
Modeling ofSingle-Drug Studies ...................................................................................................................43 
Two-Drug Combinations................................................................................................................................... 46 
Three-Drug Combination.................................................................................................................................. 53 
Four-Drug Combination .................................................................................................................................... 56 

DATA SUMMARY.................................................................................................................................................... 60 

DISCUSSION............................................................................................................................................. 61 

CONCLUSIONS ........................................................................................................................................ 67 

REFERENCES ........................................................................................................................................... 68 

ii 



Abstract 

The FOLFIRINOX (FFX) regimen for pancreatic ductal adenocarcinoma (PADC) is a 

four-drug combination consisting ofleucovorin (LV), 5-fluorouracil (5-FU), 

irinotecan (Iri) and oxaliplatin (Ox). Although the regimen extended progression

free- and overall survival in a Phase 3 study of patients with metastatic PADC 

compared to those treated with gemcitabine, its toxicity profile limits the regimen to 

patients with high performance status, and there exists a lack of studies that 

investigate the pharmacodynamic (PD) actions and interactions of the combined 

FFX. Here, we investigated interactions of the FFX drugs in vitro using established 

PDAC cell lines, and applied PD analysis to determine whether drug interactions 

were synergistic, additive, or antagonistic. We hypothesized that proliferation of 

PADC cells would be inhibited in a synergistic fashion when agents of the FFX 

regimen were combined in vitro. MIA PaCa-2 and PANC-1 cell lines were exposed in 

vitro to the FFX agents alone, as well as in 2-, 3-, and 4-drug combinations. In terms 

of ICso (drug concentration mediating half-maximal growth inhibition) PANC-1 cells 

were more resistant to each of the individual agents than MIA PaCa-2. A 

mathematical model incorporating a quantitative drug interaction parameter (tj.,) 

was applied to data for cell proliferation during exposure to 2-, 3-, and 4-way 

combinations of the drugs. Synergy (tj., < 1) was observed for nearly all 

combinations in the MIA PaCa-2 cell line, whereas additivity (tj.,=1) or antagonism 

(tj., > 1) was observed for all combinations in the PANC-1 cell line. This investigation 

establishes a baseline that will support future investigations into the temporal 
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sequencing of these agents, and whether sequencing can alter toxicity of the 

combination without altering its efficacy against cancer cells. 
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Introduction 

Characteristics and Statistics ofPancreatic Cancer 

Pancreatic Cancer is a comparatively rare but devastating disease, which can be 

defined as an aberration of the cellular replication machinery and processes of the 

pancreatic cell types [6]. Being both an exocrine and endocrine organ, the pancreas 

can develop malignancies in both of these cell types. The exocrine cells of the 

pancreas comprise the majority of cell types and they include ductal and acinar cells. 

The acinar cells are responsible for the production of digestive enzymes that are 

secreted into the common bile duct, whereas the ductal cells line the ducts that 

transport the digestive enzymes produced by the acinar cells [7,8]. The endocrine 

cells are organized aggregates of cells that form the islets of Langerhans, and include 

alpha and beta cells, which secrete glucagon and insulin, respectively, directly into 

the bloodstream [7,8]. Less than 5 percent of all pancreatic cancer cases are 

categorized as endocrine (pancreatic neuroendocrine cancer) [9]. In contrast, more 

than 9 5 percent of all diagnoses are exocrine pancreatic cancers, of which 

pancreatic ductal adenocarcinoma (PADC) is the most common type [7]. Although it 

is estimated that less than 2 percent of men and women in the United States will be 

diagnosed with the disease during their lifetime [10], the National Cancer Institute's 

(NCI) Surveillance, Epidemiology, and End Results (SEER) Program reports that 

pancreatic cancer is the third leading cause of cancer related deaths, second only to 

lung and colorectal cancers. The 5-year survival for patients diagnosed with PDAC is 

exceptionally low, at 8.2 percent [10]. Despite the fact that PDAC is a comparatively 

rare disease that constitutes only 3.2 percent of all new cancer cases in the United 
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States, the disease was estimated to cause of 43,090 deaths in 2017, corresponding 

to 7.2 percent of all cancer-related deaths in the United States [10]. 

Diagnosis 

Pancreatic cancer is a complex disease, and classifying the progression of 

PDAC can vary among professionals in the field. The most often-used staging system 

is that of the American Joint Committee on Cancer (AJCC) [11]. In the AJCC's TNM 

system, PDAC is staged based on characteristics such as dimensions and extensions 

of the primary tumor (T), the presence or absence of metastatic lymph nodes (N), 

and the presence or absence of distal metastases (M) [11, 12]. Clinicians however, 

utilize radiologic evaluation to classify the PDAC as potentially resectable, locally 

advanced/regional, and advanced [11-13]. Localized indicates that the tumor has 

not metastasized beyond the primary tumor site, whereas regional indicates that 

the cancer has spread to surrounding lymph nodes. Distant indicates that the cancer 

has metastasized beyond the primary tumor site and surrounding lymph nodes [10]. 

Patients have the best prognosis when their cancer is detected early and still 

localized. Unfortunately, less than 10 percent of cases are diagnosed at the local 

stage, which drastically limits the courses of treatments available to clinicians 

[10,14]. The lack ofreliable prognostic biomarkers makes the disease difficult to 

diagnosis at a manageable stage, and the location of the pancreas within the 

retroperitoneum also complicates diagnosis and treatment [14]. 
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In terms of symptoms, the early, localized stage of PDAC is insidiously 

asymptomatic, and symptoms often do not present until the disease has advanced 

and metastasized to distal sites [15]. Even when patients begin to present 

symptoms, they are non-specific, and ambiguous. PDAC patients often present with 

jaundice, upper abdominal pain, weight loss, sudden onset diabetes, and fatigue 

[15,16], hindering the development of a differential diagnosis [17]. These factors 

together delay initiation of treatment, which provides additional time for invasion 

and metastasis. 

There exist no reliable biomarkers for the early detection of PDAC. 

Carbohydrate antigen (CA) 19-9 is currently considered to be the gold-standard 

biomarker for patients presenting with symptoms of pancreatic cancer [18]. 

However, CA 19-9 does not provide for reliable early detection. As a biomarker, it 

lacks sensitivity, yields false negatives for Lewis antigen negative patients, and is 

also associated with false positives in patients who present with obstructive 

jaundice [18]. Furthermore, patients with normal CA 19-9 levels (~37 Units/mL) can 

be found later to have the disease, leading some to suggest that CA 19-9 is 

completely unusable for early screening in asymptomatic patients [17]. 

Disease location also complicates detection and diagnosis. Because of their 

location in the retroperitoneum, behind the stomach, pancreatic cancers often are 

not palpable and thus go undiagnosed. Their retroperitoneal location also increases 

considerably the difficulty of biopsy and surgical access [14]. The overall limited 

access to the pancreas, whether for surgical resection or biopsy purposes, greatly 

limits the courses of action that can be taken by clinicians in regards to the 
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treatment options that can be offered to patients. With the non-specific array of 

symptoms, lack of reliable biomarkers, and limited access to the cancer, for most 

patients the disease is essentially undetectable in its early stages. 

Treatment 

The treatment course for pancreatic cancer is dictated by the stage of the 

disease at diagnosis. In the early stages (stages I and 11) the approaches emphasize a 

curative aim; once the disease has advanced to stages III and IV, however, curing the 

disease is seldom possible, and treatments tend toward a more palliative nature. 

Surgery 

In the resectable stages of the disease (stages I and 11) the National 

Comprehensive Cancer Network (NCCN) advises that the first-line, best treatment 

for this stage is surgical resection, as surgery offers patients the highest survival 

prognosis, and may potentially cure their disease [19-21]. The most commonly 

performed curative surgery for resectable PDAC is the pancreaticoduodenectomy 

('Whipple procedure'). This surgery is highly complicated, and patient outcomes are 

best at surgery centers that routinely perform this procedure [22]. Other curative 

surgeries include distal and total pancreatectomy procedures [22]. Even when 

surgery is a viable option for patients, the NCCN still recommends adjuvant 

chemotherapy post-resection, and thus chemotherapy and radiation are integrated 

into the treatment plan for all stages of PDAC. Unfortunately, only 10-20 percent of 

patients are diagnosed at a stage when their disease is considered to be resectable. 
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Thus treatment options for the majority of patients are limited to radiation, 

chemotherapy, and palliative care [10,22]. In disease stages III and IV, the only 

surgery options for patients are those with strictly palliative purposes. These 

palliative surgeries are intended to alleviate symptoms and/or complications 

resulting from PDAC; some of the most common palliative surgeries include stent 

placement to maintain a patent bile duct, biliary bypass, and gastric bypass [21,22]. 

Chemotheranv 

Although chemotherapy is integrated into the treatment plan for all stages of 

pancreatic cancer, it constitutes the primary course of action for patients whose 

disease is considered inoperable, which includes the majority of patients. 

The efforts of Burris et al. led to the 1997 FDA approval of gemcitabine 

monotherapy as the first-line treatment for patients with metastatic pancreatic 

cancer [23,24]. Since then, chemotherapy treatments for PDAC have evolved from 

this monotherapy approach into combinatorial regimens. The two most notable 

combinatorial regimens are gemcitabine plus albumin-bound paclitaxel (nab

paclitaxel) and FOLFIRINOX, a four-agent regimen that consists of folinic acid/ 

leucovorin (LV), 5-fluorouracil (5-FU), irinotecan (Iri) and oxaliplatin (Ox). 

GEMC/TABINE plus NAB-PACLITAXEL 

A phase III clinical trial conducted by Von Hoff et al. demonstrated that 

compared to the previous standard of care, gemcitabine monotherapy, gemcitabine 

plus nab-paclitaxel offered a significant improvement in survival at all measured 
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time points for patients with metastatic pancreatic cancer. The study demonstrated 

12 month survival rates of 22% for gemcitabine alone and 35% for gemcitabine plus 

nab-paclitaxel [25]. At the 24 month time point, the survival rate for gemcitabine 

alone was 4% compared to 9% for the gemcitabine plus nab-paclitaxel treatment 

group [25]. 

FOLFIRINOX 

To date, the most effective chemotherapy regimen for prolonging the life of 

patients with metastatic pancreatic cancer is the 4-agent combinatorial regimen 

FOLFIRINOX (FFX). In the sentinel phase III PRODIGE 4/ACCORD 11 study 

conducted by Conroy et al., the FFX regimen was superior to the standard of care, 

gemcitabine monotherapy. The regimen was delivered intravenously (IV) on the 

first day of treatment as follows: leucovorin, 400 mg/m2 over two hours; 5-

fluorouracil, 400 mg/m2 as a rapidly infused bolus over 15 minutes, followed by 

2,400 mg/m2 as a 46-hour continuous infusion once every two weeks; irinotecan, 

180 mg/m2 over 90 minutes; and oxaliplatin, 85 mg/m2 over two hours. This cycle is 

repeated every two weeks for 6 to 12 cycles [26-29]. Whereas gemcitabine 

monotherapy had a median survival rate of 6.8 months, FFX had a median survival 

of 11.1 months [26]. Additionally, the one-year survival rate for the FFX study arm 

was 48.4 percent compared to 20.6 percent for the gemcitabine monotherapy arm 

[26]. As a result of the Conroy et al. study, FFX was FDA approved in 2010 for the 

treatment of metastatic pancreatic cancer [28]. Despite its rapid FDA approval and 
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superior efficacy, FFX raised concern for many clinicians because it is an aggressive 

and potentially highly toxic course of chemotherapy [19,30]. Although the FFX 

regimen displayed superior efficacy to gemcitabine monotherapy, it also displayed 

increased toxicity [26,27]. The regimen is only recommend for patients with 

metastatic pancreatic cancer who have a good performance status (0 or 1) as 

indicated by the Eastern Cooperative Oncology Group (ECOG); the ECOG 

performance status scale ranges from 0-5, and higher values indicate a worsened 

state of health [19,26,31]. Major side effects of the FFX regimen include 

myelosuppression, neutropenia, febrile neutropenia, thrombocytopenia, peripheral 

neuropathy, severe diarrhea, nausea, and fatigue [26,28]. As a result of these 

potential side effects, it is not uncommon for the FFX regimen to be modified as 

clinicians see fit [28]. 

FFX AGENTS and MECHANISMS ofACTION 

Leucovorin (L VJ Oy o· 

(1/0 ~N~o· 

~! N l 
Unlike the other agents in ~ .Jl )i • Ca•• 

H2N N N 

FFX, leucovorin is not a cytotoxic H
I 

H
I 

Leucovorin/ Folinic Acid 
Structure retrieved from Cayman Chemical. [ 4]. agent; it is a folic acid derivative 

[32]. LV has traditionally been used as an antidote for folate deficiency caused by 

high-dose methotrexate treatment schedules and is commonly referred to as 

'leucovorin rescue' [33-35]. In the FFX regimen however, LV is used to enhance the 
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efficacy of 5-fluorouracil. LV facilitates optimal binding of one of 5-fluorouracil's 

active metabolites (fluorodeoxyuridine monophosphate; FdUMP) to thymidylate 

synthase (TS), increasing inhibition of this enzyme and thereby increasing the 

potency of the agent [5,32]. Overall, LV is a relatively safe agent, with minimal side 

effects, which are likely to consist of skin rash, hives, itching, and wheezing. It is 

likely that most side effects of the FFX regimen are due to one or more of the other 

co-administered agents [36,3 7]. It is important to note that LV cannot be 

administered intravenously at a rate greater than 160 mg/min because of the 

calcium present in the solution [32]. 

5-Fluorouracil (5-FUJ 

5-Fluororacil is a cytotoxic 

agent that acts by damaging DNA and 
5-Flourouracil 
Structure retrieved from Cayman Chemical. [2]. 

RNA, and inhibiting thymidylate 

synthase (TS). TS is essential for the de nova synthesis of thymidylate. [5,38]. 5-FU is 

catabolized and inactivated in rate-limiting fashion by dihydropyrimidine 

dehydrogenase (DPD); greater than 80 percent of administered 5-FU is metabolized 

by DPD expressed in the liver [5,38]. 5-FU is a prodrug and its active metabolites 

include fluorodeoxyuridine monophosphate, fluorodeoxyuridine triphosphate 

(FdUTP), and fluorouridine triphosphate (FUTP) [5,38]. Each of these active 

metabolites have different intracellular targets; FdUMP inhibits TS, FdUTP is 

incorporated into DNA, resulting in strand breaks and cell death, and FUTP is 
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incorporated into RNA, causing 

disruption of normal RNA 

processing and function [5,38]. The 

metabolic processing of 5-FU and 

the targets of its active metabolites 

are as shown. 

With respect to toxicities of 

the FFX regimen resulting from 5-

FU, myelosuppression is the most 

significant side effect [39,40]. 

Neutropenia, febrile neutropenia 

Metabolic processing and targets of 5-Fluorouracil 
and thrombocytopenia can present and its metabolites 

From Longley, Nat Rev Cancer. [SJ. 

as secondary complications to myelosuppression, and other side effects include 

severe diarrhea and emesis [39,41]. For patients who are deficient in DPD, 5-FU is 

contraindicated, as the aforementioned toxicities can precipitate a life-threatening 

event [41,42]. 

Irinotecan [Irn 

Irinotecan (Iri) is a cytotoxic 

agent derived from a plant alkaloid 

that inhibits DNA topoisomerase I 

[43,44]. It is a prodrug, and is 
Irinotecan 
Structure retrieved from Cayman Chemical. [3]. 
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metabolized to its more active form, SN-38, by carboxylesterase. Both the parent 

drug and metabolite have activity, but SN-38 is nearly 1000 times more active than 

Iri [45]. Because topoisomerase I is responsible for introducing nicks into double 

stranded DNA and then ligating these nicks, SN-38 inhibition of topoisomerase I 

results in double-stranded DNA breaks, which lead to subsequent cell death 

[ 43,46,4 7]. In the FFX regimen, Iri contributes myelosuppression and subsequent 

neutropenia, febrile neutropenia, and thrombocytopenia. Severe diarrhea was also a 

common cause for dose reduction [ 40,43]. A unique toxicity associated with Iri is 

the presentation of a hypercholinergic syndrome characterized by excessive 

sweating, salivation, gastrointestinal peristalsis and other symptoms associated 

with a classic cholinergic toxidrome [28,48,49]. This cholinergic toxidrome is a 

result of the release of 4-piperidino-piperidine ( 4PP), which occurs during cleavage 

of Iri by carboxylesterase; 4PP is structurally similar to piperidine, which acts as a 

cholinomimetic agent [28,48,50]. 

Oxaliplatin (OX] NH o-
'( I 

Pt2+ 

Oxaliplatin (Ox) is a third- I\ -
NH2 0 

generation platinum-containing 
Oxaliplatin 
Structure retrieved from Cayman Chemical. [l]. 

agent that has emerged as the 

platinum agent of choice in the treatment of numerous cancer types [51,52]. It is 

structurally distinct from cisplatin and carboplatin because of its 

diaminocyclohexane (DACH) ring and oxalate leaving group; the DACH ring has 
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been postulated to facilitate cellular uptake of Ox metabolites, thereby increasing its 

potency [53,54]. Ox is activated via nonenzymatic biotransformation in the plasma 

and tissue and the resulting species are monochloro-, dichloro-, monoaquo- and 

diaquo-DACH species [55,56]. Although Ox is structurally distinct from predecessor 

platinum-containing agents, its mechanism of action is similar; it exerts its cytotoxic 

effects by forming inter- and intra-strand platinum-DNA crosslinks. These DNA 

adducts disrupt DNA replication and transcription, and ultimately result in 

apoptosis [53,54,56-59]. Compared to cisplatin and carboplatin, which are dose

limited by nephrotoxicity and myelosuppression, respectively, Ox has a significantly 

reduced toxicity profile, and neither of these toxicities are dose-limiting [52,58]. The 

dose-limiting toxicity of Ox is peripheral neuropathy that presents as dysesthesia, 

allodynia, or paresthesia, and is frequently triggered by cold temperature exposure. 

Notably, this side effect is reversible by discontinuation of the agent [51,52,60]. In 

terms of its role in the FFX regimen, Ox possesses far less hematologic toxicity than 

5-FU and Iri, and thus the myelosuppressive effects and the complications 

secondary to Ox are not nearly as severe [51,60]. 

Objectives and hypotheses ofthe work 

The work of Conroy et al. paved the way toward more effective treatments 

for patients with metastatic pancreatic cancer. To date there is no better treatment 

option than FFX for patients in this disease subpopulation. However, despite a 

multitude of ongoing and completed clinical trials using FFX as first-line therapy, 
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there is a significant void in the literature pertaining to the in vitro and in vivo 

pharmacological and toxicological interactions of the FFX agents, both in general 

and as applied in PDAC [26,61,62]. The lack of in vitro and in vivo data for drug 

interactions of the agents in the FFX regimen, both individually and in combination, 

is the driving force behind our investigations. 

We hypothesized that proliferation of pancreatic ductal carcinoma cells 

would be inhibited in a synergistic fashion when agents of the FFX regimen were 

combined in vitro. To test this hypothesis, the pharmacodynamic effects and 

interactions of leucovorin, 5-fluorouracil, irinotecan, and oxaliplatin were 

investigated as single agents and 2-, 3-, and 4- drug combinations in MIA PaCa-2 and 

PANC-1 cell lines. The endpoint assessed was cell viability. Mathematical modeling 

was employed to first determine how the agents interacted when combined in vitro 

and then to quantify the extent of the pharmacodynamic interactions. 

Materials and Methods 

Reagents 

Leucovorin, 5-fluorouracil, irinotecan, and oxaliplatin were obtained from a 

pharmacy. MTT (3-( 4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) 

was purchased from Invitrogen by Thermo Fisher Scientific (Waltham, MA). Stock 

solutions ofleucovorin (20 mg/mL), 5-fluorouracil (50 mg/mL), irinotecan (20 

mg/mL), and oxaliplatin (5 mg/mL) were diluted to their final concentrations in 
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Dulbecco's Modified Eagle Medium (DMEM; Cellgro, Manassas, VA). MTT (0.05 g) 

was diluted in 10 mL of DPBS, dissolved overnight and stored at -20 °C. 

Cell Culture 
An established cell culture procedure has been described previously 

(Zhu et al., 2018) [63]. The human PADC cell lines MIA PaCa-2 and PANC-1 were 

obtained from the American Type Culture Collections (ATCC; Manassas, VA). Both 

cell lines were cultured in DMEM supplemented with 10% v/v fetal bovine serum 

(FBS; Atlanta Biological, Lawrence, VA) and incubated in a humidified atmosphere 

with 5% CO2 at 37 °C. Both cell lines were passaged at ~80-90% confluence using 

trypsin supplemented with 0.53 mM EDTA (Gibco BRL, Gaithersburg, MD). 

Cell Viability Assay 

The MTT assay was used to quantify cell proliferation based upon cellular 

content of mitochondrial NADPH-dependent oxidoreductase activity; this technique 

is widely used and allowed cell viability to be assessed indirectly by assessment of 

mitochondrial enzymatic activity [64,65]. MIA PaCa-2 cells were seeded in 96-well 

plates at a density of 4.0 x 103 cells/100µL/well in FBS supplemented media; PANC-

1 cells were seeded at a density of 6.0 x 103 cells/100µL/well. Both cell lines were 

incubated overnight in order to allow for adherence to the plate, and then treated 

with varying concentrations of leucovorin, 5-fluorouracil, irinotecan or oxaliplatin, 

alone or in combination. Single drug study concentrations ranged from 0-2000 µM 

for both MIA PaCa-2 and PANC-1 cells. For the 2-drug combination studies, MIA 
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PaCa-2 cells were treated with micromolar concentrations corresponding to the 

IC10, IC20, IC40, ICso, and IC6o values; PANC-1 cells were treated with combinations 

ranging from 0-1000 µM. For the 3-drug combination studies both cell lines were 

treated with micromolar concentrations at the IC10, IC20, IC40, ICso values. For the 4-

drug combination studies both cell lines were treated with micromolar 

concentrations at the IC10, IC20, IC40, ICso values. The 4-drug studies were 

subdivided into two groups, one group was supplemented with 10 µM LV and the 

other was supplemented with 100 µM LV. Both cell lines were exposed to the drugs 

(alone and in combination) for 72 hours. after which all wells of the plates were 

washed with Dulbecco's phosphate-buffered saline lacking magnesium and calcium 

(DPBS; Gibco/Thermo Fisher Scientific, Waltham, MA) and the drug-containing 

media was replaced with MTT (100 µL/well) and incubated under the 

aforementioned conditions for 4 hours. The resulting formazan precipitate was 

dissolved using 0.04 M HCl in isopropanol before the optical density (OD) was 

measured at 570 nm. The following tables illustrate the manner in which the drug 

combinations were performed. 
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Slr ... .. - - 100Im0 ..., IH ■ :••111111Jlill:lH1lill . 

ICl0 Al: 1010 ICl0 

ICl0 A2:10 20 IC20 

ICl0 A3:10 40 IC40 

ICl0 A4:10 50 ICS0 

Plate "A" ICl0 AS:10 60 IC60 Plate "A" 

IC20 Bl: 2010 ICl0 

IC20 B2: 20 20 IC20 

IC20 B3: 20 40 IC40 

IC20 B4: 20 50 ICS0 

Plate "B" IC20 BS: 20 60 IC60 Plate "B" 

IC40 Cl: 4010 ICl0 

IC40 C2: 40 20 IC20 

IC40 C3: 40 40 IC40 

IC40 C4: 40 50 ICS0 

Plate "C" IC40 CS: 40 60 IC60 Plate "C" 

ICS0 D1: 5010 ICl0 

ICS0 D2: 50 20 IC20 

ICS0 D3: 50 40 IC40 

ICS0 D4: 50 50 ICS0 

Plate "D" ICS0 D5: 50 60 IC60 Plate "D" 

IC60 El: 60 10 ICl0 

IC60 E2: 60 20 IC20 

IC60 E3: 60 40 IC40 

IC60 E4: 60 50 ICS0 

Oxaliplatin Plate "E" IC60 ES: 60 60 IC60 Plate "E" lrinotecan 

Table 1: The 2-drug combination chart above depicts how drugs were combined for 

2-drug combination studies. A total of 25 different drug combinations were tested 

for all 2-drug combination studies. 
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ICl0 Al: 101010 A2: 102010 A3: 104010 A4: 105010 ICl0 

Plate "A" IC20 AS: 201010 A6: 202010 A7: 20 40 10 A8: 205010 ICl0 

IC40 Bl: 40 10 10 B2: 402010 B3: 404010 B4: 405010 ICl0 

Plate "B" ICS0 BS: 50 10 10 B6: 50 20 10 B7: 504010 B8: 505010 ICl0 

ICl0 Cl: 1010 20 C2: 10 20 20 C3: 10 40 20 C4: 10 50 20 IC20 

Plate "C" IC20 CS: 20 10 20 C6: 20 20 20 C7: 20 40 20 C8: 20 50 20 IC20 

IC40 D1: 4010 20 D2: 40 20 20 D3: 40 40 20 D4: 40 50 20 IC20 

Plate "D" ICS0 D5: 5010 20 D6: 50 20 20 D7: 50 40 20 D8: 50 50 20 IC20 

ICl0 El: 10 10 40 E2: 10 20 40 E3: 10 40 40 E4: 10 50 40 IC40 

Plate "E" IC20 ES: 20 10 40 E6: 20 20 40 E7: 20 40 40 E8: 20 50 40 IC40 

IC40 Fl: 40 10 40 F2: 40 20 40 F3: 40 40 40 F4: 40 50 40 IC40 

Plate "F" ICS0 FS: 50 10 40 F6: 50 20 40 F7: 50 40 40 F8: 50 50 40 IC40 

ICl0 Gl: 1010 50 G2: 10 20 50 G3: 10 40 50 G4: 10 50 50 ICS0 

Plate "G" IC20 GS: 2010 50 G6: 20 20 50 G7: 20 40 50 G8: 20 50 50 ICS0 

IC40 Hl: 4010 50 H2: 40 20 50 H3: 40 40 50 H4: 40 50 50 ICS0 

5-FU Plate "H" ICS0 HS: 50 10 50 H6: 50 20 50 H7: 50 40 50 H8: 50 50 50 ICS0 

Table 2: I) The chart above describes how drugs were combined for 3-drug 

combination studies. A total of 64 different drug combinations were tested for all 3-

drug combination studies. 11) For 4-drug studies, this 3-drug experimental setup 

was constructed in duplicate; one arm was supplemented with 10 µM LV and the 

other with 100 µM LV. A total of 128 different drug combinations were tested for all 

4-drug combination studies. 

Plate "A" 

Plate "B" 

Plate "C" 

Plate "D" 

Plate "E" 

Plate "F" 

Plate "G" 

Plate "H" lri 
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Mathematical Modeling 

Single-Drug Studies: For single-agent 5-fluorouracil, irinotecan or 

oxaliplatin, the Hill equation (Eq 1, below) was applied using Prism Graphpad 7.0 

software (La Jolla, CA) used to characterize the concentration-response relationship. 

In this equation, Ri represents the viability of cells after 72-h exposure to drug i; 

Imax represents the maximum inhibition achieved at high concentration; C 

represents the concentration used for testing; IC50 represents the concentration to 

achieve 50% inhibition of cell viability; mis the Hill coefficient, representing the 

steepness of the inhibition curve. 

2-Drug Studies: For two-drug combinations, the Bliss Independent method 

(BI, Eq 2.1) and Highest Single Agent method (HSA, Eq 2.2) were used to fit the cell 

viability data for the MIA PaCa-2 and PANC-1 cell lines, respectively [66]. In these 

equations, i and j represent the two drugs in a combination pair; R, I max, C, /C50 and 

m have the same values and definitions as in Eql. Psi (l/J) is the interaction term 

estimated in combination treatments. The interaction is synergistic if 1/J is less than 

1 (l/J < 1), additive if equal to 1 (l/J = 1), and antagonistic if greater than 1 (l/J > 1). 

The best model was selected based on visual inspection and the lowest mean square 

error (MSE). 

3- and 4-Drug Studies: For three- and four-drug combinations, the same 

approaches were applied as for the 2-drug studies. Specifically, Eq 3.1 and Eq 3.2 

were applied to both 3- and 4- drug combinations because leucovorin did not 

exhibit cytotoxicity as single agent. 
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Model Fitting: Model fitting was conducted with SAS 9.4 software (Cary, NC) 

using the nonlinear regression procedure "nlin" with the MARQUARDT method 

[67,68]. The models were weighted by the square of the fitted values. The 

theoretical additive responses were calculated by Monte-Carlo simulation 

considering the uncertainty of parameter estimation and random experimental 

errors [69]. 

Equations 

( cm;1 )
Ri = 100% · 1 - lmax i · m· m· 1 

' Ci '+ /Cso\ 

( cm' ) ( C~; )
R=lOO%· l-lmaxi' m· i m· . l-lmaxj' m· J m· 2.1 

' c. l + /C '. ' C. J + ('1/J). IC 1 .
! 50,! / 50, / 

I ( m, Cm; )' 
R=lOO%·'1/J·ll-Max !max i' m· 

~ 
m-,lmax j' m· 

j 
m· I 2.2 

' c. + /C '. ' C J + IC 
\ , 

l 
50,t j 50,j 

J 
J 

J )( cm'i ) ( c~; ) ( cm'k
R = 100% · 1 - / · · · 1 - / · · · 1 - / · 3.1max,, cm;+ /Cm;_ max,) mj mj max,k cmk + ('1/J) . /Cmk 

! 50,! Ci + /CSO,j k 50,k 

I ( Cm' C~/ Cm' ) \ 
1

R = 100% · '1/J · 11- Max lmax, i · m; i m; ,Imax,j · mj mj ,Imax,k · mk k mk ) 3.2 
C. + /Cso. C. + IC . ck + /Cso k\ , ,, J 50,J , J 

Table 3: The equations shown in the chart above were used to fit the cell 

viability data as previously mentioned. 
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Results 

MIA PaCa-2 Cell Line Results 

Single-Drug Studies 

The MIA PaCa-2 cell line was treated with each agent in the FFX regimen as 

single agents in order to determine the cell line's chemosensitivity (ICso) to these 

agents. The MIA PaCa-2 cell line was most sensitive to oxaliplatin. Fitting with a Hill 

function yielded an IC so of 3.3 uM (Figures 1A and 2). The second most potent agent 

was irinotecan, with an ICso of 6.0 uM (Figures 1B and 2). The least potent agent 

was 5-fluorouracil, with an ICso of 16.8 uM (Figures 1C and 2). Leucovorin was not 

cytotoxic to the MIA PaCa-2 cell line (Figures 1D and 2). For further comparison, 

these ICSO curves were overlaid (Figure 2). 
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MIA PaCa-2 FFX Chemosensitivity (IC50 's) 
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Figure 1: The MIA PaCa-2 cell line's chemosensitivity to the individual agents of the 

FFX regimen was determined by treating the cells with concentrations of the agents 

ranging from 0.01 to 2000 uM, and data were analyzed by fitting with a Hill function, 

as described in Methods. A) Oxaliplatin ICso curve; IC so = 3.3 uM. B) Irinotecan IC so 

curve; ICso =6.0 uM. C) 5-Fluorouracil ICso curve; ICso =16.8 uM. D) Leucovorin 

ICso curve; Leucovorin was not cytotoxic in the MIA PaCa-2 cell line. 
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MIA PaCa-2 FFX Chemosensitivity (ICso's; Overlaid) 
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Figure 2: The single-drug chemosensitivity experiments for the MIA PaCa-2 cell line 

shown in Figure 1 are overlaid to facilitate comparison to one another. 

Modeling ofSingle-Drug Studies 

The Hill function equation (Equation 1) was applied to data from the 

oxaliplatin, irinotecan, and 5-fluorouracil single-drug chemosensitivity experiments 

in order to characterize the concentration-response relationships and provide the 

foundation for all drug-combination studies and their associated modeling. The data 

were also analyzed by nonlinear regression, as described in Methods, to provide 

statistical analysis of the experimental parameters. The model-generated 

parameters Imax, IC so, and m were similar to the experimentally observed data as fit 

by the Hill equation, thus supporting the application of this model to the data. 

Oxaliplatin was the most potent, with experimentally observed values of I max, 

IC so, and m of 0.98, 3.3 uM and 1.0, respectively (Figure 3A). The nonlinear 
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regression model yielded values of 0.98, 3.24 uM and 0.994, respectively (Table 4), 

which were in good agreement, and with reasonable statistics. Irinotecan was the 

second most potent, with observed values of I max, ICso, and m of 1.0, 6.6 uM and 1.0, 

respectively (Figure 3B), compared with regression model values of 0.97, 8.21 uM 

and 2.45, respectively (Table 4). 5-fluorouracil was the least potent, with observed 

Imax, ICso, and m of 0.83, 16.8 uM and 1.0 (Figure 3C), and values of 0.80, 12.73 uM 

and 1.43, respectively, derived from the regression analysis (Table 4). Leucovorin 

was not cytotoxic and thus its associated parameters (I max, ICso, and m) could not be 

determined. 
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Model Predicted IC50's for MIA PaCa-2 Chemosensitivit}! to FFX 
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Figure 3: SAS 9.4 software was used for nonlinear regression to generate the model

predicted IC so curves and fitting statistics for the single-drug experiments in the 

MIA PaCa-2 cell line. The points on the graphs represent the observed data and the 

solid sigmoidal lines represent the model fitting. A) Model-predicted IC so for 

oxaliplatin =3.24 uM (Table 4). B) Model-predicted ICso for irinotecan =8.21 uM 

(Table 4). C) Model-predicted ICso for 5-fluorouracil = 12.73 uM (Table 4). 
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MIAPaCa-2 
Single (1)-DrugStudy 

---.r- -,.-
Drugt Model Predicted Model 95%CI CV% 

Parameterir Estimate 

5-Fluorouracil (5- Imax, 5-FU 0.80 0.77-0.82 1.36 
FU) 

Imax: 0.83 
IC so, s-FU 12.73 µM 8.75 - 16.71 15.83ICS0: 16.8 µM 

m:1.O 

ms-Fu 1.43 0.931-1.93 17.60 

Oxaliplatin (Ox) Imax, Ox 0.98 0.976- 0.982 0.149 
Imax: 0.98 

ICS0: 3.3 µM 
m:1.O ICso, ox 3.24 µM 2.41 - 4.05 12.86 

mox 0.994 0.873 -1.12 6.175 

Irinotecan (Iri) Imax, Iri 0.97 0.965- 0.971 0.162 
Imax: 1.0 

ICS0: 6.0 µM 
m:1.O ICso, Iri 8.21 µM 7.06 - 9.37 7.11 

m1ri 2.45 1.3 - 3.6 24.04 

Leucovorin (LV) N/A 

Table 4: Experimentally-observed and model-generated parameters for the single

drug chemosensitivity experiments in the MIA PaCa-2 cell line. Values of Imax, ICso 

and m derived by fitting Hill equation implemented in Prism Graphpad 7.0. Values of 

Imax, ICso and m derived by nonlinear regression using SAS 9.4 as described in 

Methods. 
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Two-Dru{} Combinations 

We next conducted two-drug combination studies in the MIA PaCa-2 cell line 

to investigate the pairwise pharmacodynamic interactions of the agents in the FFX 

regimen. A total of 25 different 2-drug combinations were tested in each 

combination study (Table 1). Once the experimental data were collected, we applied 

our mathematical model (Equation 2.1; Bliss Independent Method) to the data in 

order to estimate the drug interaction term, psi (\JI), which allows for quantification 

of the pharmacodynamic interactions taking place between multiple compounds. Psi 

values less than 1 (\JI< 1) indicate synergistic drug-drug interactions; psi values 

equal to 1 (\JI= 1) indicate additive drug-drug interactions; and psi values greater 

than 1 (\JI> 1) indicate antagonistic drug-drug interactions. We performed four two

drug combination experiments in the MIA PaCa-2 cell line. As shown in 3-

dimensional surface plots for the 2-drug combinations (Figures 4, 5, 6), the 5-

fluorouracil + oxaliplatin combination was determined to be additive, with a psi 

value of 0.92 and an acceptable CV% (Table 5). The oxaliplatin + irinotecan 

combination was determined to be synergistic, based upon a psi value of 0.80 

(Figure 5 and Table 5). The 5-fluorouracil + irinotecan combination was determined 

to be synergistic, with a psi value of 0.82 (Figure 6 and Table 5). Combined 5-

fluorouracil with leucovorin (Figure 7 and Table 5) was investigated because the 

literature suggested that leucovorin can potentiate the effects of 5-fluorouracil 

[5, 70, 71]. However, because leucovorin was not cytotoxic in the MIA PaCa-2 cell line 

(Figure 1D), surface plots such as those of Figures 4-6, could not be generated for 
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the 5-fluorouracil + leucovorin combination. Although supplementing 5-fluorouracil 

with leucovorin did reduce the IC so value, concentrations of leucovorin greater than 

10 uM produced no greater improvement in the ICso. 
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Figure 4: Combined oxaliplatin and 5-fluorouracil on the MIA PaCa-2 cell line. The 

green net-like surface in the figure is represents a psi (\JI) value equal to 1, which 

represents additive drug-drug interaction (Psi (\JI) < 1, synergy; psi (\JI) = 1, 

additivity; psi (\JI)> 1, antagonism). Red points on the surface plot fall above the 

green surface and represent antagonistic drug-drug interactions. Blue points on the 

surface plot fall below the green surface and represent synergistic drug-drug 

interactions. The oxaliplatin + 5-fluorouracil two-drug combination was found to be 

slightly synergistic the MIA PaCa-2 cell line, but the value was very close to additive, 

with a psi (\JI) value of0.92 (Table 5). 
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Figure 5: Combined irinotecan and oxaliplatin on the MIA PaCa-2 cell line. The two

drug combination was synergistic, with a psi (\JI) value of 0.80 (Table 5). 
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Figure 6: Combined irinotecan and 5-fluorouracil on the MIA PaCa-2 cell line. The 

two-drug combination was synergistic, with a psi (\JI) value of 0.82 (Table 5). 
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5-FU + LV in MIA PaCa-2 
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Figure 7: Combined leucovorin and 5-fluorouracil on the MIA PaCa-2 cell line. 

Supplementing 5-fluorouracil with leucovorin resulted in potentiation of 5-

fluorouracil cytostatic effects. The greatest reduction in ICso value was observed 

when 5-fluorouracil was supplemented with 10 uM leucovorin (ICso = 1.3 uM; light 

green line). 
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MIA PaCa-2 
2-Drug Study 

2-Drug Study Psi Value ('P) 95%CI CV% Modeling 
Method 

5-FU + Ox 0.92, Additive 0.81- 1.03 5.98 

Ox+ Iri 0.80, Synergistic 0.74- 0.86 3.59 BI Method 

5-FU + Iri 0.82, Synergistic 0.76- 0.87 3.56 

5-FU + LV N/A 

Table 5: Summary of all data and model fitting for the 2-drug combinations on the 

MIA PaCa-2 cell line. 
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Three-Drug Combination 

We next combined all three of the cytotoxic agents in the regimen to 

investigate the pharmacodynamic interactions among oxaliplatin, irinotecan, and 5-

fluorouracil. A total of 64 different drug combinations were tested in this three-drug 

combination study (Table 2). Once the experimental data were collected, we again 

applied the Bliss Independent mathematical model (Equation 3.1) to the data in 

order to estimate the drug interaction term, psi (\JI). To visualize these data, we 

generated ternary plots (Figure 8A-C), in which the three cytotoxic agents are on 

separate axes of the triangles, and each axis shows the effect of the tested drug 

concentration relative to its ICso, normalized by the drug's fractional contribution to 

the total drug composition for the combination (T). The concentrations of 

oxaliplatin, 5-fluorouracil, and irinotecan increase from left to right (Figure 8A-C),s 

indicated by the increasing "T" values. The variable "T" is defined as the sum of the 

drug concentration to ICS0 ratios (T = L .....S.....). Each point on the plot represents a 
lCsoi 

different drug combination tested, and the % cell viability is indicated by the color 

gradient bars. For any point on the ternary plots, the fraction of any drug in the 

combination can be deduced by extending a line from the point of interest to each 

axis of the triangle. We determined that in the MIA PaCa-2 cell line, combining the 

three cytotoxic agents in FFX was synergistic, with a psi (\JI) value of 0.75 (Table 6). 
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Three-Drug Study Ternary Plots for MIA PaCa-2 
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Figure 8: Ternary plots for the MIA PaCa-2 cell line treated with three-drug 

combinations of the cytotoxic agents oxaliplatin, irinotecan and 5-fluorouracil. Drug 

concentrations increase from left to right along each axis (Panels A-C), indicated by 

the increasing T values. Panel A shows the lowest cytotoxic agent concentrations 

used in the experiment (T = 1 to 1.5), which resulted in the highest cell viability; the 

bright red and pink points on the ternary plot correspond to cell viability percents 

ranging from 35 to 60%. Panel B shows intermediate cytotoxic agent 

concentrations (T = 1.5 to 2). Bright red and pink points are observed in the ternary 

plot, but light and dark purple points, indicating lower cell viability, are observed; 

viability range: 25 to 60%. Panel C shows the highest cytotoxic agent 

concentrations used in the experiment (T = 2 to 2.5), resulting in the lowest cell 

viability, indicated by the dark purple plots dominating the ternary plot; % cell 

viability ranged from 15 to 20%. In the MIA PaCa-2 cell line, this three-drug 

combination was synergistic, with a psi (\JI) value of 0.75 (Table 6). 
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MIA PaCa-2 
3-Drug Study 

5-FU + Ox + Iri 

Psi Value ('P) 95% CI CV% Modeling Method 

0.75, Synergistic 0.71- 0.78 2.18 BI Method 

Table 6: Summary of the data and analysis of combined oxaliplatin, irinotecan and 

5-fluorouracil on the MIA PaCa-2 cell line 
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Four-Dru{} Combination 

The effect ofleucovorin was investigated on MIA PaCa-2 cells exposed to the 

three cytotoxic agents of the FFX regimen. We combined oxaliplatin, irinotecan, 5-

fluorouracil and leucovorin using the 3-drug study design (Table 2), and added 

experimental arms supplemented with 10 uM and 100 uM leucovorin. These 

concentrations of leucovorin were determined from cell proliferation responses 

observed in the 5-fluorouracil + leucovorin experiment (Figure 7). A total of 128 

different drug combinations were tested for this 4-drug combination study, and the 

mathematical model (Equation 3.1; Bliss Independent Method) was applied to the 

experimental data in order to estimate the drug interaction term, psi (\Jf).Ternary 

plots were employed to visualize the data and analysis (Figure 9A-F). 

Supplementing the high concentrations of the cytotoxic FFX agents (T = 2 to 2.5) 

with 10 uM leucovorin produced the greatest reduction in percent cell viability 

(Figure 9C), whereas supplementing the low concentrations of the cytotoxics (T = 1 

to 1.5) with 100 uM leucovorin resulted in the lowest reduction in percent cell 

viability (Figure 9D). For each T-value of drug combination ratios, the 10 uM 

leucovorin arm displayed darker points on the ternary plots compared to the 

corresponding 100 uM leucovorin arm, signifying greater potency of the 

combination, further supporting the notion that 10 uM leucovorin supplementation 

maximized cytotoxicity of the combination, and 100 uM leucovorin did not increase 

the effect further. When supplemented with 10 uM leucovorin, the four-drug 

combination was synergistic in the MIA PaCa-2 cell line, with a psi (\Jf) value of 0.71 
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(Figure 9A-C and Table 7). When supplemented with 100 uM leucovorin, the 3-drug 

combination was determined to be additive, with a psi (\JI) value of 0.96 (Figure 9D

F and Table 7). 
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Four-Drug Study Ternary Plots for MIA PaCa-2 
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Figure 9: Ternary plots showing proliferation of the MIA PaCa-2 cell line exposed to 

the four-drug combination of FFX agents. Figures are interpreted as described in 

Figure 8. The arm of this study is represented by panels Panels A-C: lowest- to 

highest concentrations of the 3 cytotoxics supplemented with 10 uM leucovorin; 

Panels D-F: lowest- to highest concentrations of the 3 cytotoxics supplemented 

with 100 uM leucovorin. A) lowest cytotoxic agent concentrations (T = 1 to 1.5) 

supplemented with 10 uM leucovorin, resulting in the highest percent cell viability, 

as indicated by the predominance of pink points in the ternary plot, corresponding 

to cell viability% ranging from 35 to 45%. B) intermediate cytotoxic agent 

concentrations (T = 1.5 to 2) supplemented with 10uM leucovorin arm of the 

experiment. Pink points are accompanied by light and dark purple points that 
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represent lower viability; the percent cell viability was 25 to 35%. C) highest 

cytotoxic agent concentrations (T = 2 to 2.5) supplemented with 10 uM leucovorin, 

resulting in the lowest percent cell viability in this arm, as well as overall. Dark 

purple points dominate the ternary plot, corresponding to % cell viability of 15 to 

20%. With a psi (\JI) value of 0.71, the 10uM leucovorin supplemented arm of this 4-

drug combination was synergistic in the MIA PaCa-2 cell line (Table 7). Panels D-F: 

same as Panels A-Cm except the cytotoxics were supplemented with 100 uM. Panel 

D: percent cell viability was 35-60%. Panel E: percent cell viability was 

approximately 35%. Panel F: the percent cell viability was 25 to 30%. With 100 uM 

leucovorin, this 4-drug combination was additive, with a psi (\JI) value of 0.96 (Table 

7). 
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MIAPaCa-2 
4-Drug Study 

5-FU +Ox+ Iri + LV 

LV Psi Value ('P) 95%CI CV% Modeling 
Supplement Method 

10uM 0.71, Synergistic 0.68- 0.784 2.19 
BI Method 

100uM 0.96, Additive 0.904- 1.02 3.15 

Table 7: Summary of data and analysis of the four-drug combination on the MIA 

PaCa-2 cell line. 
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PANC-1 Cell Line Results 

Single-Drug Studies 

All of the experiments performed in the MIA PaCa-2 cell line were repeated 

in an additional PDAC cell line, PANC-1. As before, PANC-1 cells were treated with 

each agent in the FFX regimen in single-drug fashion in order to determine the cell 

line's chemosensitivity (ICso) to these agents. 

The PANC-1 cell line was more resistantto the individual agents of FFX 

compared to MIA PaCa-2 cells. Panc-1 cells were most sensitive to oxaliplatin .. 

Fitting with a Hill function yielded an ICso of 17.1 uM (Figures 10A and 11). The 

second most potent agent was 5-fluorouracil, with an ICso of 28.1 uM (Figures 10C 

and 11). The least potent agent was irinotecan, with an ICso of 37.6 uM (Figures 10B 

and 11). Leucovorin was not cytotoxic to the PANC-1 cell line at concentrations 

lower than 1000 uM (Figures 10D and 11). Figure 11 shows a comparison of all of 

the ICso curves overlaid. 
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PANC-1 FFX Chemosensitivity (ICso's) 
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Figure 10: The PANC-1 cell line's chemosensitivityto the individual agents of the 

FFX regimen was determined by treating the cells with concentrations of the agents 

ranging from 0.01 to 2000 uM, and data were analyzed by fitting with a Hill function, 

as described in Methods. A) Oxaliplatin ICso =17.1 uM. B) Irinotecan ICso =37.6 uM. 

C) 5-Fluorouracil ICso = 28.1 uM. D) Leucovorin ICso: Leucovorin was not cytotoxic 

at concentrations lower than 1000 uM in the PANC-1 cell line. 
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PANC-1 FFX Chemosensitivity (IC50's; Overlaid) 
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Figure 11: Summary of the anti proliferative effects of the four FFX drugs on the 

PANC-1 cell line as single agents. 
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Modeling ofSingle-Drug Studies 

The single-drug experiments conducted in the PANC-1 cell line were modeled 

using the Hill function equation (Equation 1), as described for the MIA PaCa-2 cell 

line, and compared with the I max, ICso, and m derived by nonlinear regression 

(Figure 12 and Table 8). The experimentally observed I max, ICso, and m for 

oxaliplatin, the most potent drug on PANC-1 cells, were 0.96, 17.1 uM and 1.0, 

respectively (Figure 12A), whereas the regression model generated values weifre 

1.0, 8.83 uM and 0.55, respectively (Table 8). The experimentally observed Imax, 

ICso, and m for 5-fluorouracil, the second most potent drug on PANC-1 cells, were 

0.76, 28.1 uM and 1.0, respectively (Figure 12C); the model generated values were 

0.82, 13.29 uM and 0.49, respectively (Table 8). Leucovorin was not cytotoxic and 

thus I max, ICso, and m could not be determined. The experimentally observed I max, 

ICso, and m for irinotecan, the least potent drug on PANC-1 cells, were 0.95, 37.6 uM 

and 1.0, respectively (Figure 12B); the model generated values were 1.0, 24.5 uM 

and 0.66, respectively (Table 8). 
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Figure 12: SAS 9.4 software was used for nonlinear regression to generate the 

model predicted ICso curves and fitting statistics for the single-drug experiments in 

the PANC-1 cell line. The points on the graphs representthe observed data and the 

solid sigmoidal lines represent the model fitting. A) Model-predicted IC so for 

oxaliplatin =8.83 uM (Table 8). B) Model-predicted ICso curve for irinotecan =24.5 

uM (Table 8). C) Model-predicted ICso for 5-fluorouracil = 13.29 uM (Table 8). 
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PANC-1 
Single (1)-Drug Study 

Drugt Model Predicted Model 95%CI CV% 
Parameter'll Estimate 

5-Fluorouracil (5- Imax, 5-FU 0.82 0.71-0.93 7.18 
FU) 

Imax: 0.76 IC so, 5-Fu 13.29 µM 0.412 - -26.2 49.01
IC50: 28.1 µM 

m:1.0 
ms-Fu 0.49 0.25-0.74 24.83 

Oxaliplatin (Ox) Imax, Ox 1.0 0.98-1.04 1.62 
Imax: 0.96 

IC50: 17.1 µM 
m:1.0 ICso, ox 8.83 µM 5.33-12.34 20.07 

mox 0.55 0.43-0.68 11.5 

Irinotecan (lri) lmax, Iri 1.0 0.943- 2.36 
Imax: 0.95 1.035 

IC50: 37.6 µM 
m:1.0 ICso, Iri 24.5 µM 14.9-32.02 19.7 

mtri 0.66 0.47-0.87 14.7 

Leucovorin (LV) N/A 

Table 8: All experimentally observed and model generated parameters for the 

single-drug chemosensitivity experiments in the PANC-1 cell line are provided in the 

table above. Values of I max, IC so and m derived by fitting Hill equation implemented 

in Prism Graph pad 7.0. Values of I max, IC so and m derived by nonlinear regression 

using SAS 9.4 as described in Methods. 
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Two-Dru{} Combinations 

We next conducted pairwise drug combination studies in the PANC-1 cell line 

to investigate their pharmacodynamic interactions. A total of 25 different drug 

combinations were tested in each study, with concentrations of 0.1, 1, 10, 100, and 

1000 uM used for each drug in the two-drug combinations, as described in Table 1. 

Once the experimental data were collected, we applied the Highest Single Agent 

mathematical model (Equation 2.2) to the data in order to estimate the drug 

interaction term, psi (\JI), and the interaction data were visualized with 3-

dimensional surface plots for each of the 2-drug combinations. 

In the PANC-1 cell line, all three drug pairs were antagonistic. The 5-

fluorouracil + oxaliplatin combination had a psi value of 1.39 (Figure 13 and Table 

9), the oxaliplatin + irinotecan combination had a psi value of 1.14 (Figure 14 and 

Table 9), and the 5-fluorouracil + irinotecan combination had a psi value of 1.26 

(Figure 15 and Table 9). We also investigated 5-fluorouracil combined with 

leucovorin (Figure 16 and Table 9) because of the literature support for leucovorin 

potentiation of of 5-fluorouracil effects [5, 70, 71]. Because leucovorin was not 

cytotoxic in the PANC-1 cell line atthe experimentally-used concentrations (Figures 

10D and 18), surface plots could not be generated for the 5-fluorouracil + leucovorin 

combination. We observed the greatest reduction in ICso value (0.4 uM) when we 

supplemented 5-fluorouracil with 1000 uM leucovorin (Figure 16); the next most 

ICso values were observed when 5-fluorouracil was supplemented with 10 and 100 

uM, the respective ICso values were 0.6 and 1.2uM (Figure 16). However, ICso for the 
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2-drug combination varied only 2-3 fold for a 100-fold change in leucovorin 

concentration. Because leucovorin concentrations at or above 1000uM were slightly 

cytotoxic (Figure 10D), we chose to use 10 and 100 uM concentrations to 

supplementthe 4-drug combination in the PANC-1 cell line. 
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Figure 13: Combined oxaliplatin and 5-fluorouracil on the PANC-1 cell line .. Red 

points on the surface plot fall above the green ( additivity) surface and represent 

antagonistic drug-drug interactions, whereas blue points on the surface plot fall 

below the green surface and represent synergistic drug-drug interactions. The 

oxaliplatin + 5-fluorouracil two-drug combination was antagonistic on the PANC-1 

cell line, with a psi (\JI) value of 1.39 (Table 9). 
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Figure 14: Combined irinotecan and oxaliplatin on the PANC-12 cell line. The two

drug combination was antagonistic, with a psi (\JI) value of 1.14 (Table 9). 
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Figure 15: Combined irinotecan and 5-fluorouracil on the PANC-1 cell line. The two

drug combination was found to be antagonistic, with a psi (\JI) value of 1.26 (Table 

9). 
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5-FU + LV in PANC-1 
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Figure 16: Combined leucovorin and 5-fluorouracil on the PANC-1 cell line. 

Supplementing 5-fluorouracil with leucovorin resulted in potentiation of 5-

fluorouracil cytostatic effects. Although the greatest reduction in ICso value was 

observed when 5-fluorouracil was supplemented with 1000 uM leucovorin (ICso = 

0.4 uM; orange line), the combination IC so varied 2-3-fold over a 100-fold change in 

leucovorin concentration. 
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- - -

PANC-1 
2-Drug Study 

-
2-Drug Study Psi Value ('P) 95%CI CV% Modeling 

Method 

5-FU + Ox 1.39, 1.33 - 1.46 2.43 
Antagonistic 

Ox+ Iri 1.14, 1.08- 2.0 2.70 
HSA Method

Antagonistic 

5-FU + Iri 1.26, 1.19 - 1.32 2.64 
Antagonistic 

5-FU + LV N/A 

Table 9: Summary of all data and model fitting for the 2-drug combinations on the 

PANC-1 cell line. 
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Three-Drug Combination 

We next combined all three cytotoxic agents in the FFX regimen in the PANC-

1 cell line to investigate pharmacodynamic interactions among oxaliplatin, 

irinotecan, and 5-fluorouracil. A total of 64 different drug combinations were tested 

for this three-drug combination study (Table 2). After the experimental data were 

collected, we then applied the Highest Single Agent mathematical model (Equation 

3.2) to the data in order to estimate the drug interaction term, psi (\JI). To visualize 

these data employed ternary plots (Figure 17A-C), as in the analogous experiments 

in the Mia PaCA-2 cell line. We determined that in the PANC-1 cell line, the 3-drug 

combination was antagonistic, with a psi (\JI) value of 1.13 (Table 10). 
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Three-Drug Study Ternary Plots for PANC-1 
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Figure 17: Ternary plots for the PANC-1 cell line treated with three-drug 

combinations of oxaliplatin, irinotecan and 5-fluorouracil) Drug concentrations 

increase from left to right along each axis (Panels A-C), indicated by the increasing T 

values. Panel A shows the lowest cytotoxic agent concentrations used in the 

experiment (T = 0 to 2), and the% viability ranged from 35 to 65%, as indicated by 

the presence of purple and bright red points on the ternary plot. Panel B shows 

intermediate cytotoxic agent concentrations (T = 2 to 3). The % cell viability ranged 

from 35 to 70%, as indicated by the bright red and pink points in greater 

abundance, but mixed with light and dark purple points indicating greater cytostatic 

effects. Panel C shows the highest cytotoxic agent concentrations (T = 3 to 4). Bright 

red, pink and purple points indicate % cell viability ranging from 45 to 60%. In the 

PANC-1 cell line, this three-drug combination was antagonistic, with a psi (\JI) value 

of 1.13 (Table 10). 
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PANC-1 
3-Drug Study 
5-FU +Ox+ Iri 

'I 

Psi Value ('P) 95%CI CV% Modeling Method 

1.13, Antagonistic 1.10 - 1.16 1.99 HSA Method 

Table 10: Summary of the data and analysis of combined oxaliplatin, irinotecan and 

5-fluorouracil on the PANC-1 cell line. 
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Four-Dru{} Combination 

The effect ofleucovorin was investigated on PANC-1 cells exposed to the 

three cytotoxic agents of the FFX regimen. We combined oxaliplatin, irinotecan, 5-

fluorouracil with leucovorin in order to investigate the pharmacodynamic 

interactions that take place between them. As in experiments with Mia PaCa-2, we 

employed the 3-drug study design (Table 2), and supplemented two additional arms 

with 10 and 100 uM leucovorin. These leucovorin concentrations were based upon 

the data obtained from experiments with combined 5-fluorouracil and leucovorin 

(Figure 16). A total of 128 different drug combinations were tested for this 4-drug 

combination study, and we applied the Highest Single Agent mathematical model 

(Equation 3.2) to the experimental data in order to estimate the drug interaction 

term, psi (\JI). Ternary plots were then used to visualize the data and analysis 

(Figure 18A-F). 

In the PANC-1 cell line, similar results were obtained when the three 

cytotoxic drugs of the FFX regimen were supplemented with 10 or 100 uM 

leucovorin. The ternary plots showed few differences in cell proliferation as a 

function ofleucovorin concentration (Figure 18A-F). The drug interaction analysis 

indicted that both 10 and 100 uM leucovorin were additive, with psi (\JI) values of 

1.03 and 1.04 (Table 11). 
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Four-Drug Study Ternary Plots for PANC-1 
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Figure 18: Ternary plots pertains showing proliferation of the PANC-1 cell line 

exposed to the four-drug combination of FFX agents. Figures are interpreted as 

described in Figure 8. Very little difference in cell proliferation was observed with 

supplementation with 10 vs. 100 uM leucovorin. Panels A-C: The three cytotoxic 

FFX drugs supplemented with 10 uM leucovorin. The percent cell viability ranged 

from 45 to 55% for all three (low, intermediate, high) combined concentrations of 

the 3 drugs. With a psi (\JI) value of 1.03, supplementation with 10 uM leucovorin 

was additive on the PANC-1 cell line (Table 11). Panels D-F: The three cytotoxic FFX 

drugs supplemented with 100 uM leucovorin. The percent cell viability ranged from 

45 to 55% for all three drug concentration levels. With a psi (\JI) value of 1.04, 
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supplementation with 100 uM leucovorin was additive in the PANC-1 cell line (Table 

11). 
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PANC-1 
4-Drug Study 

5-FU +Ox+ Iri + LV 

LV Supplement 
~ 

Psi Value ('P) 95%CI 11 CV% Modeling Method 

10uM 1.03, Additive 1.01 - 1.05 1.17 

HSA Method 
100uM 1.04, Additive 1.01 - 1.06 1.29 

Table 11: Summary of the data and analysis of the four-drug combination on the 

PANC-1 cell line. 
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Data Summary 

Cell Line Study 

I-Drug 

2-Drug: 
I) 5-FU + Ox 
II) Ox+ Iri 

III) 5-FU + Iri 
IV) 5-FU + LV 

3-Drug: 
I) 5-FU +Ox+ Iri 

-

4-Drug: 
I) 5-FU +Ox+ Iri + LV 

(I0uM) 
II) 5-FU +Ox+ Iri + LV 

(I00uM) 

I-Drug 

2-Drug: 
I) 5-FU + Ox 
II) Ox+ Iri 

III) 5-FU + Iri 
IV) 5-FU + LV 

3-Drug: 
I) 5-FU +Ox+ Iri 

4-Drug: 
I) 5-FU +Ox+ Iri + LV 

(l0uM) 
II) 5-FU +Ox+ Iri + LV 

(I00uM) 

5-Fluorouracil (5-FU) 
Oxaliplatin (Ox) 
Irinotecan (lri) 

Leucovorin (L V) 

Psi Value (q,) 

NIA 

2-Drug: 
I) q, = 0.92 
II) q, = 0.80 
III) q, = 0.82 

IV)NIA 

3-Drug: 
I) q, = 0.75 

-
4-Drug: 

l)q,=0.7I 
II) q, = 0.96 

NIA 

2-Drug: 
I) q, = 1.39 
II) q, = 1. I4 
III) q, = 1.26 

IV)NIA 

3-Drug: 
l)q,=1.13 

4-Drug: 
I) q, = 1.03 
II) q, = 1.04 

Modeling Method 
PD Interaction 

Used 

NIA 

2-Drug: 
I) Additive 

II) Synergistic 
III) Synergistic 

IV)NIA 

3-Drug: 
I) Synergistic 

4-Drug: 
I) Synergistic 
II) Additive 

NIA 

2-Drug: 
I) Antagonistic 
II) Antagonistic 
III) Antagonistic 

IV)NIA 

3-Drug: 
I) Antagonistic 

4-Drug: 
I) Additive 
II) Additive 

q, < l = Synergistic 
q, = I = Additive 

q, > I = Antagonistic 

NIA 

2-Drug: 

BI Method 

3-Drug: 
BI Method 

4-Drug: 

BI Method 

NIA 

2-Drug: 

HSAMethod 

3-Drug: 
HSAMethod 

4-Drug: 

HSAMethod 

Table 12: Summary of all data and analyses of FFX drug interactions in the MIA 

PaCa-2 and PANC-1 cell lines. 
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Discussion 

To date, there has been no chemotherapy regimen, be it mono- or 

combination therapy, that has been able to rival the clinical success seen with the 

FOLFIRINOX regimen for metastatic pancreatic cancer [23-26,28]. The previous 

standard of care, gemcitabine, has been compared directly with the two 

contemporary standards of care, gemcitabine plus nab-paclitaxel and FFX. The 

phase III clinical trial conducted by Von Hoff et al., comparing gemcitabine 

monotherapy with gemcitabine plus albumin-bound paclitaxel demonstrated a 12 

month survival rate of 22 percent for gemcitabine alone and 35 percent for 

gemcitabine plus nab-paclitaxel [25]. Conroy et al. conducted a sentinel phase III 

PRODIGE 4/ACCORD 11 study, in which gemcitabine monotherapywas compared to 

the FFX multi-drug regimen. The FOLFIRNOX regimen had a median survival rate of 

11.1 months, compared to 6.8 months for the gemcitabine monotherapy arm [26]. 

Not only did FFX extend median survival by 4.3 months, but also the one-year 

survival rate was 48.4 percent for the patients given FFX, compared to 20.6 percent 

for patients who received gemcitabine alone [26]. To our knowledge, there is no 

study that compares gemcitabine plus nab-paclitaxel directly with FFX. However, it 

is both probable and appropriate that they be compared in the future [72]. Despite 

success of the FFX clinical trial; there is still a great need for further investigation of 

the regimen, because much remains unknown regarding the pharmacodynamic (PD) 

interactions between the agents, as well as their efficacy in PDAC isolates 

representing the disease in different patients. Furthermore, the toxicity of 
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FOLFIRINOX limits its application to those of the highest clinical performance 

status; greater insights into the determinants of anti-tumor efficacy vs. toxicity could 

lead to treatment scheduling modifications that preserve or enhance efficacy while 

simultaneously reducing the toxicity derived from essentially simultaneous 

administration of the three cytotoxic FFX agents. 

The purpose of this work was to initiate pursuit of these long-term objectives 

by investigating the PD interactions among the drugs of the FFX regimen in two 

widely-used PDAC cell lines, MIA PaCa-2 and PANC-1. Data on cell proliferation 

responses were obtained for all possible 2- and 3-drug combinations of the FFX 

cytotoxic drugs, and then the data were analyzed for drug interactions by employing 

quantitative mathematical modeling that estimated a drug interaction term, psi (tj.,), 

for the 2-, 3-, and 4-drug combinations. 

ICso's for each drug were established for both cell lines, and MIA PaCa-2 was 

found to be more sensitive to the individual FFX agents (Figure 2) than was PANC-1 

(Figure 11 ). Other groups have also observed an increased resistance to 

chemotherapeutics in the PANC-1 cell line [45,73,74]. We next conducted drug 

combination studies, and employed the Bliss Independent (BI) method and the 

Highest Single Agent (HSA) method to model drug interaction and estimate a drug 

interaction term (psi (tj.,)) for the two cell lines responding to these drug 

combinations. The nature of our PD interaction data was dichotomous; 2-, 3- and 4-

drug combinations of the FFX regimen were primarily synergistic (tj., < 1) in the MIA 

PaCa-2 cell line, whereas they were almost uniformly antagonistic (tj., > 1) in the 

PANC-1 cell line (Table 12). 
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The most synergistic 2-drug combination in the MIA PaCa-2 cell line was Ox+ 

Iri (tj., = 0.80; Figure 5 and Table 5) and interestingly, this combination was found to 

be the most effective by another group as well [7 4]. The 3-drug combination of FFX 

cytotoxic drugs was synergistic in the MIA PaCa-2 cell line, with a drug interaction 

term of 0.75 (tj., = 0.75). With addition ofleucovorin to the FFX cytotoxic agents, 10 

uM LV was also synergistic, with a drug interaction term of 0.71 (tj., = 0.71) (Tables 6 

and 7, respectively). Notably, both combined 5-FU + Ox, and the 4-drug combination 

supplemented with 100 uM LV, were found to be additive on MIA PaCa-2 cells 

(Tables 5 and 7, respectively). We hypothesize that these additive effects arise due 

to the fact that certain drug combinations may be more efficacious than others 

based on a greater inherent cytotoxic capacity of a single agent in the combination 

[75,76]. 

The most antagonistic 2-drug combination in the PANC-1 cell line was 5-FU + 

Ox (tj., = 1.39) (Figure 13 and Table 9). The 3-drug combination was also 

antagonistic in PANC-1, with a drug interaction term of 1.13 (tj., = 1.13) (Table 10). 

The 4-drug combination study in the PANC-1 cell line showed no difference between 

groups supplemented with 10 and 100 uM LV; the drug interaction terms were 1.03 

(tj., =1.03) and 1.04 (tj., =1.04), respectively (Figure 18A-F and Table 11), which 

would be considered simple additivity of interaction. Given that our data consists 

solely of in vitro concentration-response studies, we are limited in our ability to 

provide deeper, more mechanistic explanations for the results obtained. We would 

expand the scope of this work in the future to incorporate more pharmacodynamic 

endpoints that can provide additional insights at the cellular and molecular levels. 
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Another shortcoming of our work is that the endpoint of our studies was evaluated 

solely by an indirect, colorimetric assay of cell proliferation (MTT assay), which, 

although widely used, is known to have pitfalls [77]. To address this issue, we would 

repeat our studies using direct cell counting, or protein binding assays such as the 

SRB (sulforhodamine B) dye binding assay. 

Differential responses to the combined drugs were observed for the two 

PDAC cell lines, and the mechanistic bases for these differences are unknown. There 

are few known differences in the genetic profiles of the MIA PaCa-2 and PANC-1 cell 

lines. The most common gene alterations in PDAC occur in the KRAS, TP53, CDKN2A 

(also called p16) and SMAD4 (also called DPC4) genes [78-80]. Both cell lines have 

mutations in the KRAS and TP53 genes, which are the highest-frequency mutations 

in PDAC. MIA PaCa-2 cells have KRAS and TP53 mutations at 12 cysteine and 248 

tryptophan, respectively [78,79,81] , whereas PANC-1 cells have KRAS and TP53 

mutations at 12 asparagine and 273 histidine, respectively [78, 79,81]. Both the MIA 

PaCa-2 and PANC-1 cell lines have a homozygous deletion of the CDKN2A/p16 gene, 

and the wild-type form of the SMAD4/DPC4 gene [78, 79,81,82]. Despite the few 

known genetic differences between these to cell lines, they have been found to 

express different proteins that are associated with metastasis, chemotherapy 

resistance, and tumorigenicity [83]. Thus, known differences in the genetic profiles 

of these two cell lines do not provide much insight into the evident dichotomy 

observed in our data on drug interactions and response. However, review of the 
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literature identified the phenomenon of epithelial-mesenchymal transition (EMT) s 

as potentially relevant to our findings. 

The process of EMT enables cells to develop increased migratory behavior, 

invasiveness and even become more resistant to apoptosis. It has also been 

suggested that EMT can lead to the emergence of a 'cancer stem cell' (CSC) 

phenotype, which implies that these are stem cell-like cancer cells [84,85]. Although 

the origin of CSCs is not well understood, it is well accepted that markers of EMT 

and the presence of CSCs are both associated with the aggressive and difficult-to

treat nature of PDAC. CSCs are resistant to chemotherapy, irradiation, have the 

ability to self-renew, and are tumorigenic [84-87]. The hallmark of EMT is described 

through collections of marker proteins such as a decreased expression of E-cadherin 

and an increased expression of vim en tin [84,88,89]. The work of other research 

groups has provided substantial support for the premise that the PANC-1 cell line 

not only exhibits greater resistance to chemotherapeutic agents, but also represents 

a more mesenchymal phenotype compared to that of MIA PaCa-2 cells [45,73,83,87]. 

Gradiz et al. demonstrated that although both the MIA PaCa-2 and PANC-1 cell lines 

exhibited phenotypic characteristics of both epithelial and mesenchymal 

phenotypes, PANC-1 represents a more advanced EMT state. Through 

immunohistochemistry, they found that PANC-1 showed an absence of E-cadherin 

and increased vimentin expression, which are hallmarks of EMT. They also 

demonstrated that MIA PaCa-2 cells express both E-cadherin and vimentin, 

indicating a less progressed EMT state [83,84,88,89]. Kim et al. and Hofmann et al. 
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demonstrated that PANC-1 cells are more resistantto gemcitabine, 5-FU, Iri, and 5-

FU + Iri compared to other pancreatic cancer cell lines [45, 73], and hypothesize that 

PANC-1 cells have a more progressed EMT state compared to other pancreatic 

cancer cell lines [73]. Finally, Dalla Pozza et al. demonstrated that PANC-1 cells had 

the greatest ability to form CSCs ,and that these CSCs exhibited an increased 

resistance to chemotherapy agents [87]. 

All of these data taken into consideration with our own findings provide a 

well-founded basis for future investigation of the biochemical pathways 

surrounding EMT, and their implications in terms of PDAC chemotherapy and 

response. The immediate next steps for this research would be to perform temporal 

studies of drug effects upon pharmacodynamic endpoints such as cell cycle 

progression, induction of apoptosis, and comprehensive proteomic analysis of 

changes in cellular expression of proteins in response to the FFX drugs, which can 

be synergistic, additive, and even antagonistic, depending upon the individual cell 

type. Finally, in vivo models would enhance our understanding of the FFX regimen, 

and allow us to investigate how the temporal sequence of drug administration might 

modulate both efficacy and toxicity of the FFX regimen, which could lead to more 

effective treatments for pancreatic cancer. 
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Conclusions 

In this study, the chemosensitivity to the individual agents of the FFX 

regimen was investigated by studies of the individual drugs in the MIA PaCa-2 and 

PANC-1 cell lines. It was determined thatthe MIA PaCa-2 cells were more sensitive 

to the cytotoxic agents of the FFX regimen than were PANC-1 cells. For pairwise 

comparisons of the FFX drugs, in the MIA PaCa-2 cell line, the Ox+ Iri and 5-FU + Iri 

combinations were found to be synergistic, whereas the 5-FU + Ox combination was 

found to be additive. Three-drug (5-FU +Ox+ Iri) studies in the MIA PaCa-2 cell line 

demonstrated synergistic interactions, and the 4-drug studies, which added 

leucovorin to representthe complete FFX regimen (5-FU +Ox+ Iri + LV) showed 

addition of 10 uM LV was synergistic, whereas 100 uM LV was additive. 

Experiments with the PANC-1 cell line showed differences in cellular responses; in 

2-drug studies, all of the 2-drug combinations were found to be antagonistic in the 

PANC-1 cell line. Three-drug studies (5-FU +Ox+ Iri) also showed antagonistic 

responses in PANC-1. Finally, the 4-drug study (5-FU + Ox + Iri + LV) showed that 

supplementation of the cytotoxic agents of FFX with LV at both 10 and 100 uM also 

was antagonistic. A review of the literature suggests that the divergence observed in 

FFX drug response between these PDAC cell lines may arise from different degrees 

of EMT progression. Because EMT is associated with drug response and drug 

resistance, modulating EMT progression during FOLFIRINOX therapy might 

improve therapeutic responses in PDAC. In addition, acknowledging these differing 

phenotypical characteristics amongst PDAC cell lines sheds light on the potential 

value that lies in enhancing our means to more accurately profile patient tumors. In 
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conclusion utilizing mathematical models to determine which combination of agents 

are synergistic and most efficacious in conjunction with accurate profiling of patient 

tumors may enable us to not only potentially improve treatment courses for 

patients, but also mitigate side effects by utilizing agents and dosages that are more 

effective and less likely to precipitate adverse responses. 
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