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ABSTRACT
Median survival of pancreatic ductal adenocarcinoma cancer
(PDAC) is 6 months, with 9% 5-year survival. Standard-of-
care gemcitabine (Gem) provides only modest survival bene-
fits, and combination therapies integrating novel targeted
agents could improve outcomes. Fibroblast growth factor (FGF)
receptors (FGFRs) play important roles in PDAC growth and
invasion. Therefore, FGFR inhibitors (FGFRi) merit further
investigation. Efficacy of Gem combined with NVP-BGJ398,
a pan-FGFRi, was investigated in multiple PDAC cell lines
exposed to the drugs alone and combined. Cell cycle distribution
and cell numbers were quantified over time. Two pharmacody-
namic models were developed to investigate Gem/BGJ398
interactions quantitatively: a drug-mediated cell proliferation/
death model, and a drug-perturbed cell cycle progression
model. The models captured temporal changes in cell numbers,
cell cycle progression, and cell death during drug exposure.
Simultaneous fitting of all data provided reasonable parameter
estimates. Therapeutic efficacy was then evaluated in a PDAC
mouse model. Compared with Gem alone, combined Gem +
FGFRi significantly downregulated ribonucleotide-diphosphate
reductase large subunit 1 (RRM1), a gemcitabine resistance (GemR)

biomarker, suggesting the FGFRi inhibited GemR emergence.
The cell proliferation/death pharmacodynamic model esti-
mated the drug interaction coefficient cdeath = 0.798, sug-
gesting synergistic effects. The mechanism-based cell cycle
progression model estimated drug interaction coefficient
ccycle = 0.647, also suggesting synergy. Thus, FGFR inhibition
appears to synergize with Gem in PDAC cells and tumors by
sensitizing cells to Gem-mediated inhibition of proliferation
and cell cycle progression.

SIGNIFICANCE STATEMENT
An integrated approach of quantitative modeling and experimen-
tation was employed to investigate the nature of fibroblast growth
factor receptor inhibitor (FGFRi)/gemcitabine (Gem) interaction,
and to identify mechanisms by which FGFRi exposure reverses
Gem resistance in pancreatic cancer cells. The results show that
FGFRi interacts synergistically with Gem to sensitize pancreatic
cancer cells and tumors toGem-mediated inhibition of proliferation
and cell cycle progression. Thus, addition of FGFRi to standard-of-
care Gem treatment could be a clinically deployable approach to
enhance therapeutic benefit to pancreatic cancer patients.

Introduction
Pancreatic ductal adenocarcinoma cancer (PDAC) is the

fourth leading cause of cancer-related death in the United
States (Siegel et al., 2017) and typically displays a high degree
of treatment resistance. Current standard-of-care therapies
include gemcitabine (Gem) combined with nab-paclitaxel (Von
Hoff et al., 2013) and the FOLFIRINOX combination (Vaccaro
et al., 2011). Gem is a difluoro analog of deoxycytidine that
targets DNA polymerase and ribonucleotide reductase
(Thota et al., 2014). However, it provides only amodest survival
benefit (Louvet et al., 2005). Those PDAC patients whose
tumors are not intrinsically Gem-resistant (GemR) typi-
cally develop GemR and eventually die of unrestrained
tumor growth and distant metastasis (Di Marco et al., 2010).
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Integration of novel targeted agents into standard-of-care
regimens may improve therapeutic outcomes. The only clini-
cally approved, first-line, molecularly targeted agent in PDAC
is erlotinib, an epithelial growth factor (EGF) receptor tyrosine
kinase inhibitor that is combined with Gem (Katopodis et al.,
2014), but it is seldom used because of its limited benefit. Thus,
novel therapies against GemR are needed urgently.
GemR involves both intrinsic and acquired mechanisms.

Mechanisms of intrinsic resistance include the preexistence
of tumor cells having a drug-resistant, stem-like phenotype
(Sarkar et al., 2009) as well as the drug delivery barrier
created by tumor microenvironment (Dimou et al., 2012).
In contrast, acquired GemR is caused by compensatory,
treatment-mediated changes in the activity of proteins that
determine drug resistance or sensitivity. For example, over-
expression of RRM1 (Nakahira et al., 2007) decreased expres-
sion of the primary Gem transporter human equilibrative
nucleoside transporter 1 (ENT1) (Greenhalf et al., 2014), and
promotion of epithelial-to-mesenchymal transition decreased
the efficacy of Gem treatment (Wang et al., 2009). Among
these factors, RRM1 is considered one of the most important
mechanisms of GemR; its tumor abundance is a biomarker of
poorer prognosis and survival of Gem-treated PDAC patients
(Jordheim et al., 2011).
Fibroblast growth factor (FGF) receptors (FGFRs) are

functionally aberrant in PDAC (Lehnen et al., 2013).
Suppression of FGFRs inhibits PDAC growth and invasion
(Wagner et al., 1998; Coleman et al., 2014), and FGF/FGFR
activity has been implicated as amechanism of chemo-resistance
(Song et al., 2000). FGF/FGFR signaling also promotes
epithelial-to-mesenchymal transition, which increases met-
astatic potential and drug resistance through activation of
mitogen‑activated protein kinase (MAPK) and signal trans-
ducer and activator of transcription (STAT) signaling path-
ways (Tomlinson et al., 2012; Babina and Turner, 2017).
Pharmacological inhibition of FGFR downstream pathways
results in improved Gem efficacy (Thoennissen et al., 2009;
Vena et al., 2016). Therefore, regulation of these signaling
pathways using FGFR inhibitors (FGFRi) may overcome GemR.
A limited number of FGFRi have entered clinical trials,

including BGJ398 (NVP-BGJ398, infigratinib) and AZD4547
(Van Cutsem et al., 2017). BGJ398 is a selective pan-FGFRi
(Guagnano et al., 2012), which has been investigated in
numerous clinical trials for solid tumors having aberrant
FGFR activity (Nogova et al., 2017). However, the therapeutic
utility of specific FGFRi in PDAC remains unknown. We
hypothesize that BGJ398 can sensitize PDAC cells to Gem
effects, and that the nature of Gem + BGJ398 interactions
could be synergistic (supra-additive). Experimental data were
obtained and mathematical models were developed to in-
vestigate the mechanisms of Gem + BGJ398 effects upon cell
cycle progression and proliferation. A combination regimen
based upon insights from the in vitro modeling was designed,
and its therapeutic efficacy on PDAC tumor progression was
evaluated in a PDAC mouse model.

Materials and Methods
Reagents

Gemcitabine-HCl was obtained from Eli Lilly (Indianapolis, IN)
and was prepared as a 1 mM solution in DMSO for in vitro studies

(Sigma-Aldrich, St. Louis, MO). Novartis International AG (Basel,
CH) provided BGJ398, which was prepared as a 10 mM solution in
DMSO. For in vivo studies, BGJ398 was suspended in acetic acid/
acetate buffer pH 4.6/PEG200 1:1, and Gem was dissolved in saline.

Primary antibodies against RRM1 (8637, 1:1000) and b-actin (3700,
1:5000), and secondary anti-rabbit (7074, 1:1000) and anti-mouse
(7076, 1:1000) antibodies were from Cell Signaling Technology
(Danvers, MA). Primary antibody against ENT1 (sc-377283, 1:1000)
was from Santa Cruz Incorporation (Dallas, TX).

Experimental Design

Cell Lines and Culture. The human PDAC cell linesMIAPaCa-2
and PANC-1 were obtained from American Type Culture Collection
(Manassas, VA) and cultured in Dulbecco’s modified Eagle’s medium
(Cellgro, Manassas, VA) containing 10% (v/v) fetal bovine serum
(Cellgro).

Cell Growth Inhibition by Single Agents. Cells were seeded in
six-well plates at 1.5–2.0�105 cells/well in 2 ml fresh medium, with
or without drugs. At this density, vehicle-treated control cells were
nearly 100% confluent after 4 days. Cells were treated in triplicate
groups with serial dilutions of Gem over a range of 5–75 nM, or to
BGJ398 over a range of 1–20mM.A concentration of DMSOequivalent
to the amount present in the highest-concentration wells was added
as a vehicle control. After 72 hours, cells were washed, trypsinized,
harvested, counted using a Coulter Counter model Z2 (Beckman
Coulter, Hialeah, FL), and the IC50 was determined by fitting with
a Hill function, as described below. Cells were subsequently analyzed
for cell cycle distribution using flow cytometry, also described below.
At least three replicates of experiments were performed.

Cell Growth Inhibition by Combined Agents. Based upon the
IC50 data obtained for the single agents, cells were exposed to
narrower ranges of drug concentrations, alone and combined. The
concentrations chosen for each drug represented the IC25 (concentra-
tion mediating 25% inhibition of cell growth), two concentrations
flanking the IC50, and the IC75 (concentration mediating 75% in-
hibition of cell growth). The Gem concentrations used were 6, 7, 7.5,
and 15 nM, and for BGJ398 were 1.5, 2.5, 3.0, and 5.0 mM, yielding 16
pairwise concentrations for combined Gem + BGJ398. Cells were
counted at five time points (0, 24, 48, 72, and 96 hours) to obtain
temporal dynamic data revealing the onset and time course of drug
effects upon rates of cell proliferation and cell cycle progression.

Cell Cycle Analysis. Cell cycle distributionwas determined using
propidium iodide (PI) DNA staining (Zhou et al., 2015). Cell suspen-
sions in PBS were fixed in 70% cold ethanol and stored at -20°C for
a maximum of 1 week. For analysis, the ethanol was removed by
centrifugation (220 g for 20 minutes at 4°C), washed twice by
centrifugation with cold staining buffer (BD Pharmingen, San Diego,
CA), and incubated with PI staining buffer containing RNase (BD
Pharmingen) for 30 minutes at room temperature in the dark. A
FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA) was
employed to quantify DNA content based upon PI intensity. The data
were analyzed using ModFit LT 4.0 software (Verity Software, Top-
sham,ME) to determine the fraction of cells in the G0/G1, S, andG2/M
phases. The number of cells in each cell cycle phase was derived
by multiplying the total number of recovered cells, obtained using
a Coulter Counter, by the fraction of cells in each phase, obtained from
flow cytometry.

Western Blot Analysis

Cells from the various treatment groups were lysed in cold Radio-
immunoprecipitation Assay (RIPA) buffer containing protease and
phosphatase inhibitors (Thermo Scientific Inc, MA) and stored on ice.
The samples were vortexed three times at 10 minute intervals, and
then clarified by centrifugation (220 g for 20 minutes, 4°C). The
concentration of protein in the supernatant was quantified using
a BCA kit (Thermo Scientific). Equal amounts of protein from each
sample were loaded on Tris-Bis gradient gels (Invitrogen, Waltham, MA)
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and transferred to polyvinylidene fluoride or polyvinylidene difluoride
(PVDF) membranes after separation. Membranes were blocked with
5% bovine serum albumin (Fisher Scientific Inc) in PBS containing
0.1% Tween20, incubated with the primary antibody at 4°C overnight
(Reagents, above), followed by secondary horseradish peroxidase–
conjugated antibody (Santa Cruz Biotechnology Inc, Dallas, TX) for
1 hour. Membranes were developed using an enhanced chemilu-
minescence substrate kit (Thermo Scientific) and scanned using a
ChemiDocMP gel imaging system (Bio-Rad, Hercules, CA).

Model-Based Analysis of Cellular Drug Responses

IC50 determination. The IC50 was determined for both drugs,
single and combined, by fitting concentration versus response curves
with the inhibitory Hill function:

R ¼ R0 ×

 
12

Imax d ×C
g
d

ICg
50 d þ Cg

d

!
(1)

where R is the total number of attached cells, R0 is the cell number in
the absence of drug exposure, Imax_d is the maximum growth in-
hibition, IC50_d is the concentration of half-maximal growth inhibitory
effects, g is the Hill coefficient, and Cd represents the drug concen-
tration, where d represents either Gem or BGJ398.

Analysis of Noncompetitive Drug Interactions at a Single
Time Point.

For two-drug interactions, the equation fornoncompetitive interactions
(Ariens et al., 1957; Chakraborty and Jusko, 2002) is as follows:

R ¼ R0 ×
�
12

�
Imax Gem � Aþ Imax BGJ � Bþ �Imax Gem þ Imax BGJ 2 Imax Gem � Imax BGJ

�� A�B
�

Aþ Bþ A�Bþ 1

�
(2)

where A ¼ C
gGem
Gem

c�IC50 Gemð ÞgGem ; B ¼ Imax BGJ�C
gBGJ
BGJ

IC50 BGJð ÞgBGJ ,
R represents the total number of attached cells, R0 is the cell number
at the beginning of drug exposure, Imax_d is the maximum growth
inhibition, IC50_d is the concentration of half-maximal growth in-
hibitory effects, gd is the Hill coefficient, and Cd represents the drug
concentration, where d represents either Gem or BGJ398.

Based upon experimental data, we hypothesized that BGJ398 could
sensitize cells to Gem effects at 72 hours in PDAC cells. The
interaction term c quantifies the degree to which BGJ398 changed
the IC50 of Gem at a single time point. Here, c = 1 denotes that the
effects of the combination are the additive sum of the effect of the
drugs as single agents. Therefore, c , 1 indicates synergism (supra-
additivity), and c . 1 indicates antagonism (Pawaskar et al., 2013).
The c term was estimated after fixing the parameters that were
estimated using (eq. 1).

Basic Cell Proliferation/Death Model.

The basic cell proliferation/deathmodel is shown inFig. 1. The same
equations for cell growth inhibition were used for BGJ398 and Gem.
Unperturbed cell growth (without drug) was described with a logistic
growth function (Zhu et al., 2015; Miao et al., 2016a,b):

dR
dt

¼ kg ×R × 12
R
Rss

� �
; R 0ð Þ ¼ R0 (3)

where R is the cell number at time t, kg is the first-order growth rate
constant, Rss is the cell number measured at steady-state, and R0 is
the initial cell number at time zero. The function (12 R

Rss
) represents

cell proliferation restrained by cell contact inhibition in a logistic
manner. The concentrations of Gem or BGJ398 were assumed to be
constant over the exposure periods.

Four transit compartments were employed in the model to describe
the delay in the drug signal, which ultimately transitions cells out of the

viable, cycling population (Ait-Oudhia et al., 2013). The differential
equations for drug-mediated inhibition of cell proliferation or killingare:

Kd ¼ Kmax d ×C
gk
d

KCgk
50 d þ Cgk

d

(4)

dK1

dt
¼ 1

td
× Kd 2K1ð Þ;  K1 0ð Þ ¼ 0 (5)

dKj

dt
¼ 1

td
× Kj21 2Kj
� �

; Kj 0ð Þ ¼ 0 (6)

dR
dt

¼ kg ×R × 12
R
Rss

� �
2K4 ×R; R 0ð Þ ¼ R0 (7)

whereKd is the Hill equation of cell loss by killing or growth inhibition
for drug d. Kmax_d represents the maximum cell loss rate for drug d,
KC50_d is the drug concentration at which half-maximum cell loss
effects were achieved, gk represents the Hill coefficient that modifies
the shape of the concentration-response curve, and Cd is the concentra-
tion of drugd in themedium. In the differential equations for the transit
compartments, K1 is the input function for the inhibitory drug signal,
and td is themean transit time of the drug signalKj through each of the
successive compartments, where j represents compartments 2–4. Four
transit compartments were optimal based upon comparison of the
Akaike information criteria (AIC) for variations on themodel (Zhu et al.,
2015; Miao et al., 2016b; Molins and Jusko, 2018).

Fig. 1. Schematic of the basic cell proliferation/death pharmacodynamic
model to assess interactions between gemcitabine and BGJ398. Proposed
pharmacodynamic model representing the effects of Gem and BGJ398,
alone and combined, on cell proliferation and death. Cell number is
represented by R and cells proliferate with rate constant kg. KC50_Gem
and KC50_BGJ are the drug concentrations at which half-maximum cell
loss effects were achieved for Gem and BGJ398. The 12 R

Rss
function

restrains cell proliferation because of contact inhibition in a logistic
manner. Four transit compartments (mean transit time = t) describe the
delayed effects of BGJ398 and Gem on cell death. The open rectangles
represent the stimulation of cell death by BGJ398 and Gem. The cdeath
is a drug interaction parameter that quantifies the degree to which
BGJ398 changes the IC50 of Gem. Other parameters are described in
Tables 2 and 3.
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The basic model makes the simplifying assumption that the cyto-
plasmic concentrations of the drugs were equal to the extracellular
concentrations in the medium. ENT1 is the major drug transporter of
Gem (Rauchwerger et al., 2000; Binenbaum et al., 2015; Namba et al.,
2015), and the capacity of cells to equilibrate extracellular and in-
tracellular Gem concentrations would be reflected by ENT1 abundance
and self-regulation. Quantification of intracellular concentrations of
dFdCTP, the active form of Gem that is incorporated into DNA, causing
cell cycle arrest (Battaglia and Parker, 2011), was not performed, and
integrating the dynamics of dFdCTP is left as a future mechanistic
extension of the model.

We hypothesized that BGJ398 could sensitize cells toGemeffects by
downregulation of key effectors of GemR. The interaction term cdeath

was employed to describe drug interactions affecting cell growth
or killing that are not captured in the structured models; cdeath

quantifies the degree to which BGJ398 changed the IC50 of Gem. As
above, cdeath = 1 denotes additive of interaction, cdeath , 1 indicates
synergism (supra-additivity), and cdeath . 1 indicates antagonism.

For the effect of the combined drugs, eqs. 4 and 7 were rewritten as:

KGem comb ¼ Kmax Gem ×CgGem
Gem�

cdeath ×KC50 Gem
�gGem þ CgGem

Gem

(8)

dR
dt

¼ kg ×R × 12
R
Rss

� �
2 K4 BGJ þK4 Gemð Þ ×R;   R 0ð Þ ¼ R0 (9)

Mechanism-Based Pharmacodynamic Models

Basic Cell Cycle Model. Flow cytometry analysis was employed
to assess the fractional cell cycle distribution based on cellular DNA
content (Hamed et al., 2013; Zhu et al., 2015; Miao et al., 2016a). Cell
distribution in G0/G1, S, and G2/M phases was described as follows:

dG1

dt
¼ 2 × kG2G1 × 12

Rtotal

Rss

� �
2kG1S ×CTI

g
2 ×G1;   G1 0ð Þ ¼ G10

(10)

dS
dt

¼ kG1S ×CTI
g
2 ×G1 2 kSG2 ×S;   S 0ð Þ ¼ S0 (11)

dG2

dt
¼ kSG2 ×S2kG2G1 ×G2;   G2 0ð Þ ¼ G20 (12)

The total number of cells in each cell cycle compartment was calculated
by multiplying the number of cells (Rtotal) in each sample by the fraction of
cells in each cycle phase (fG1, fS, and fG2), where G1 is the G0/G1 phase cell
number,S is theSphasecellnumber, andG2 is theG2/Mphasecellnumber.

In the absence of drug, proliferating cells transition through consecu-
tive cycle phaseswith first-order rate constants kG1S, kSG2, and kG2G1 that
represent the cell cycle transitions through G0/G1, S, and G2/M phases.
Cell proliferation was assumed to slow as cells approached confluence,
which was implemented as a reduction in the transit rate from G0/G1

phase to S phase (Wu et al., 1996) and is represented by the contact
inhibition term I2 between the G0/G1 and S phases:

I2 ¼ Imax CTI � TgCTI

ITgCTI
50 þ TgCTI

(13)

The delayed effects of contact inhibition were implemented with
a feedback function (Karlsson et al., 2005), where CTI1 and CTI2
represent two signal transit compartments (CTI1 and CTI2):

dCTI1
dt

¼ kt ×
S
S0

� �
2kt ×CTI1;   CTI1 ¼ 1 (14)

dCTI2
dt

¼ kt × CTI1 2CTI2ð Þ;   CTI2 ¼ 1 (15)

where Imax_CTI is the maximum cell contact inhibition, T represents
the time after cell seeding, IT50 is the time to half-maximal inhibition,
gCTI is theHill coefficient, and kt is the first-order transit rate constant

between the two CTI compartments. Imax_CTI = 1.0 (complete in-
hibition of proliferation was assumed).

Modeling BGJ398 Effects on Cell Cycle. Cell cycle data suggested
that BGJ398 inhibits the cell cycle transition fromG0/G1 to S and from
G2/M to G0/G1 phase, and the inhibition functions for both transitions
were the same:

InhBGJ ¼ Imax BGJ ×C
gBGJ
BGJ

ICgBGJ
50 BGJ þ CgBGJ

BGJ

(16)

where InhBGJ is the inhibition term for the two cell cycle transitions
mediated by BGJ398, Imax_BGJ is the maximal BGJ398-mediated cell
cycle arrest, IC50_BGJ is the concentration of BGJ398 mediating half-
maximal cell cycle arrest effects, CBGJ represents the concentration
of BGJ398, and gBGJ is the Hill coefficient of BGJ398-mediated cell
cycle arrest. For the sake of parsimony, we assumed that the
inhibitory Hill function was the same for G0/G1 and G2/M phases,
and that the maximum effect of G0/G1 and G2/M cell cycle accumu-
lation (Imax_BGJ) was fixed to 1.0.

In the presence of BGJ398, the cell cycle distribution in each
compartment was defined as:

dG1 BGJ

dt
¼ 2 × kG2G1 × 12

Rtotal

Rss

� �
× 12 InhBGJð Þ2kG1S ×CTI

g
2 ×G1 × 12 InhBGJð Þ;   G1 0ð Þ ¼ G10

(17)

dSBGJ

dt
¼ kG1S ×CTI

g
2 ×G1 × 12 InhBGJð Þ2kSG2 ×S;   S 0ð Þ ¼ S0

(18)

dG2 BGJ

dt
¼ kSG2 ×S2kG2G1 ×G2 × 12 InhBGJð Þ;   G2 0ð Þ ¼ G20

(19)

Modeling Gem Effects on Cell Cycle. As reported previously
(Cappella et al., 2001; Zhu et al., 2015), transient arrest in S phase
was observedwhenMIAPaCa-2 cells were treatedwith concentrations
of Gem relevant to its IC50. Analogous to the model for cell response to
BGJ398, a Hill function was used to describe the initial effect of Gem
on the S-G2/M phase transition:

InhGem SG2 ¼ Imax Gem ×CgGem
Gem

ICgGem
50 Gem þ CgGem

Gem

(20)

The differential equations describing cell cycle distribution after
Gem exposure are:

dG1 Gem

dt
¼ 2 ×kG2G1 × 12

Rtotal

Rss

� �
2kG1S ×CTI

g
2 ×G1;   G1 0ð Þ ¼ G10

(21)

dSGem

dt
¼ kG1S ×CTI

g
2 ×G1 2kSG2 ×S × 12 InhGem SG2ð Þ;   S 0ð Þ ¼ S0

(22)

dG2 Gem

dt
¼ kSG2 ×S × 12 InhGem SG2ð Þ2 kG2G1 ×G2;   G2 0ð Þ ¼ G20

(23)

The initial, transient S-phase arrest mediated by Gem activates
compensatory changes in GemR proteins, such as upregulation of
RRM1andDNA excision repair proteins (Binenbaum et al., 2015), and
after a time lag, cell cycle progression resumes. As described pre-
viously (Zhu et al., 2015), a delay in the emergence of GemR,TRlag_Gem,
was implemented, and growth inhibition by Gem was described as:

InhGem SG2 ¼ Imax Gem ×CgGem
Gem

ICgGem
50 Gem þ CgGem

Gem

;   if   T#TRlag Gem (24)

where TRlag_Gem is assumed to be linearly proportional to the
logarithm of Gem concentrations:
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TRlag Gem ¼ kRlag Gem × log10ðCGemÞ (25)

where kRlag_Gem is a linear rate constant for the delay in Gem-induced
resistance.

InhGem SG2 ¼ Imax Gem ×CgGem
Gem

ICgGem
50 Gem þ CgGem

Gem

× exp 2 kR Gem × t2TRlag Gem
� �� �

;  

if   T.TRlag Gem (26)

where kR_Gem is a first-order rate constant used to characterize the
rate of recovery to normal cell cycle progression.

Modeling Combined Drug Effects on Cell Cycle. The combination of
GemandBGJ398was assumed to act on cell cycle distribution by the same
mechanismsas theydoassingleagents.However, baseduponexperimental
data, BGJ398 was also assumed to sensitize cells to Gem by increasing
TRlag_Gem, the onset ofGemR, aswell as decreasing themagnitude ofGemR:

TRlag comb ¼ kRlag Gem × log10ðCGemÞ × ð1þ kcomb1 ×CBGJÞ (27)

kR comb ¼ kR Gem × ð12kcomb2 ×CBGJÞ (28)

where TRlag_comb is the delay in GemR when combined with BGJ398,
and kcomb1 and kcomb2 are linear coefficients for the prolonged delay in,
and reduced magnitude of, GemR mediated by BGJ398.

Finally, the drug interaction term ccycle was multiplied by the IC50

of Gem to quantify other mechanisms by which BGJ398 affects the
Gem IC50. The resulting equations are:

InhGem SG2 comb ¼ Imax Gem ×CgGem
Gem

ccycle × IC50 Gem
� �gGem þ CgGem

Gem

;   if   T#TRlag comb

(29)

InhGem SG2 comb ¼ Imax Gem ×CgGem
Gem

ccycle × IC50 Gem
� �gGem þ CgGem

Gem

× exp 2kR Gem ×ð

12kR comb2 ×CBGJð Þ × t2TRlag Gem
� �Þ;   if   T.TRlag comb (30)

Data Analysis and Computation. ADAPT5 (Biomedical Simula-
tions Resource, University of SouthCalifornia, Los Angeles) was used to fit
the data using a naïve-pooled approach, and parameters were estimated
using the maximum likelihood algorithm. The ADAPT5 computational
code is available in the Appendix section. The variance model was:

Vi ¼ ðs1þ s2 ×YðtiÞÞ2 (31)

whereVi is the variance of the drug response at the i
th time point (ti), and

Y (ti) is the predicted response at ith time point. The variance parameters
s1 and s2 were estimated. The goodness-of-fit was analyzed using visual
inspection of model fitting, goodness-of-fit criteria, the sum of squared
residuals, the AIC, and the CV% of the estimated parameters.

Animal Studies

All procedures involving animals were approved in advance by the
Institutional Animal Care and Use Committees of the Roswell Park

Comprehensive Cancer Center (Buffalo, NY) and the University at
Buffalo, State University of New York.

Donor Tumor Implantation. Five million MIAPaCa-2 cells in
cold diluted 1:1 Matrigel (Corning): sterile PBS were injected sub-
cutaneously in the upper abdominal area of 6- to 8-week-old male
C.B-Igh-1b/IcrTac-Prkdcscid mice. When tumors reached 1000 mm3,
the donor tumors were harvested rapidly after euthanasia, immersed in
ice-cold RPMI-1640 (Cellgro), and cut into 2 � 2 � 2 mm3 fragments
under sterile conditions. The fragments were then implanted sub-
cutaneously through a small incision under the abdominal skin under
isoflurane anesthesia.

Analysis of Treatment Efficacy. When the tumor volume
reached 150–200 mm3, mice were randomized, allocated into treat-
ment groups (n = 5/group) of equivalent mean volumes, and treated
with the regimens indicated. Gemwas administered intraperitoneally
twice weekly (day 0, 3), and BGJ398 was dosed orally by gavage for 5
days, beginning on day 0, the first day of Gem treatment. A 2-day
treatment holiday was imposed before the next weekly cycle. Tumor
volume and body weight were measured 2 to 3 times weekly using
a caliper, and volume was calculated as: volume = length � width �
height � 0.5. When tumor reached the protocol volume limit of
2000 mm3, or any dimension reached 20 mm, mice were removed
from study. Survival was recorded as the time to this protocol volume
limit. When more than 60% of the mice in the vehicle, Gem, and
BGJ398 groups had been removed from study because of tumor
progression (day 21), the experiment was terminated.

Data and Statistical Analysis

The data and statistical analysis comply with recommendations on
experimental design and analysis in pharmacology (Curtis et al.,
2018). Experimental data are reported as means 6 SD as indicated
in specific figures and tables. Individual cell count data are shown in
the model fittings (Figs. 2, 4 and 5). Details of data analysis by
computational modeling is described in Materials and Methods. The
time of tumor progression to a volume limit of 2000mm3 was assessed
using Kaplan-Meier analysis, and group-wise comparisons were
analyzed by two-sided unpaired Student’s t test. P values ,0.05 were
considered statistically significant.

Results
Analysis and Modeling of Single and Combined Drug

Effects on Cell Proliferation and Death. Cells were
seeded in the presence of various concentrations of Gem or
BGJ398, and the IC50 of each was calculated after 3 days
of incubation. The IC50 of Gem on MIAPaCa-2 cells was
8.28 nM, and its Imax was 0.954. The IC50 of BGJ398 was
2.80 mM, and its Imax was 1.0. The basic cell growth model of
Fig. 1 captured well the observed effects of both drugs on
MIAPaCa-2 cell proliferation (Fig. 2), which are shown
along with the model fits. Model parameter estimates are in

Fig. 2. Concentration-dependence of cell pro-
liferation responses to gemcitabine and BGJ398
exposure. MIAPaCa-2 cells were exposed to
the indicated concentrations of (A) gemcitabine
(5–75 nM) and (B) BGJ398 (1–20 mM) for 3 days,
at which time cells were detached and counted.
Symbols are observed experimental cell counts,
and dotted lines depict curves generated by
fitting cell count data using the inhibitory Hill
function.
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Table 1. Concentration-response curves were also obtained
for PANC-1 cells (Supplemental Figs. 1, A and B). The IC50 of
Gem was 8.06 nM, and its Imax was 0.726, whereas the IC50 of
BGJ398 was 10.4 mM, and its Imax was 0.98 (Supplemental
Table 1). These estimated IC50 values helped define the
appropriate concentration ranges for subsequent experiments.
Based upon the IC50 data obtained, MIAPaCa-2 cells were

exposed to ranges of concentrations of Gem andBGJ398, alone
and in 16 pairwise concentrations. The cells were counted at
multiple time points over 96 hours to obtain data for drug
effects upon rates of cell proliferation (Fig. 3). The data were
fitted with the pharmacodynamic cell growth/death model of
Fig. 1. Table 2 shows the parameter estimates obtained, which
were reasonable. Cell proliferation over time was fitted using
a logistic growth function. The estimated rate constant of
unperturbed MIAPaCa-2 cell growth (kg) was 0.059 hour21.
The cell line approached a steady-state after 96 hours, at
which time the estimated cell number was 1.25 � 107. The
doubling time for MIAPaCa-2 cells, calculated as ln(2) kg

21,
was 11.7 hours.
For activity, Gem must be transported into cells and then

transformed metabolically into its triphosphate metabolite,
dFdCTP (Plunkett et al., 1995; Battaglia and Parker, 2011).
Therefore, the model of Fig. 1 included a time-dependent
signal transduction component to describe the delay in Gem
cytostatic and cytotoxic effects. Four transit compartments
appeared to be optimal, based upon comparisons of the AIC for
variations on the model. With this feature, the developed
model captured well the temporal effects of Gem and BGJ398
on MIAPaCa-2 cells as both single and combined agents
(Fig. 3; Table 2). The mean transit time of drug signal
propagation was calculated as MTT= N×tk, where N is the
number of transit compartments, and tk is the mean signal
transduction time for drug k. The calculated mean transit
timeswere 35.1 hours for BGJ398 and 26.5 hours for Gem. The
estimatedmaximal cell killing constants (hour21) for Gem and
BGJ398 were 0.054 hour21 and 0.058 hour21. The IC50 values
for cell killing effects (KC50_Gem andKC50_BGJ) were estimated
as 9.15 nM for Gem and 3.08 mM for BGJ398.
To investigate the mechanisms and nature of BGJ398 inter-

actions with Gem, the drug interaction parameter cdeath was
introduced on the IC50 term of Gem (Fig. 1). Its fitted value
(Table 2) was 0.798 (CI 0.706–0.890), where cdeath = 1 represents
pure additivity of interaction, suggesting that the combination of
Gem + BGJ398 exhibits modest synergism on MIAPaCa-2 cells.
Effects of the single-agent- and combined drugs were also
investigated in PANC-1 cells at 72 hours (Supplemental Fig.
1C).Analysis of two-drug interactions (eq. 2) estimatedc as0.698
(CI 0.437–0.958) (Supplemental Table 1) for combined Gem +
BGJ398 on PANC-1 cells, suggesting synergistic drug interac-
tions on this second PDAC cell line.

Fig. 3. Effects of gemcitabine and BGJ398, alone and combined, on
MIAPaCa-2 cell proliferation. MIAPaCa-2 cells were exposed to vehicle

(black), the indicated concentrations of Gem (6, 7, 7.5, 15 nM, blue) or
BGJ398 (1.5, 2.5, 3, 5 mM, green) alone, or to 16 pairs of the combined
drugs at the indicated concentrations (red) over 0–96 hours (n = 3). At the
time points indicated, cells were counted, and the data for the drugs, alone
and combined, were fit simultaneously to the cell proliferation/death
model of Fig. 1. Symbols are the observed data, and model fits are
represented by lines. The drug-drug interaction parameters, including
cdeath were estimated by simultaneous fitting of all data using ADAPT5
software. In all panels, B represents the BGJ398 concentration in
micromolar, and G represents the Gem concentration in nanomolar.
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Fig. 4. Effects of gemcitabine and BGJ398, alone and in
combination, on cell cycle kinetics. MIAPaCa-2 cells
were exposed to Gem (6, 7, 7.5 nM) or BGJ398 (1.5, 2.5, 5
mM) alone, or to nine pairs of drug concentrations over
0–96 hours, as described in Materials and Methods, and
analyzed for cell cycle distribution by flow cytometry
(n = 9), based upon propidium iodide DNA staining. Cell
cycle population is indicated for G0/G1 (green), S (blue),
and G2/M (black) phases. Symbols represent observed
cell number data for total cells (red) or cell number in
each cycle phase. Lines depict simultaneous fitting of all
data to the cell cycle kinetics models of Figs. 5 and 6. The
drug-drug interaction parameters of the model, includ-
ing ccycle, were estimated by simultaneous fitting of all
data using ADAPT5 software. In all panels, B indicates
BGJ398 concentration in micromolar, and G indicates
Gem concentration in nanomolar.
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Analysis and Modeling of Single and Combined Drug
Effects on Cell Cycle Distribution and Progression.
Gemcitabine alters cell cycle progression mechanistically.
Therefore, we employed flow cytometry to acquire data on cell
cycle progression and distribution. Fig. 4 shows cell cycle
distribution over time for unperturbed (control) MIAPaCa-2
cells and for cells treated for up to 96 hours with Gem and
BGJ398 as single agents or combined. As total cell number
increased in control cells, there was a gradual reduction in
S-phase cells as the cultures underwent increasing contact
inhibition (Fig. 4). Both Gem and BGJ398 reduced the total
number of cells over time, alone and in combination.
To analyze the drug-mediated changes in cell cycle within

a quantitative, pharmacologically based framework, a series
of pharmacodynamic cell cycle structural models were de-
veloped for analysis of unperturbed and drug-treated cells.

Such models have been used to characterize the responses
of cancer cells to combination chemotherapy agents and
generate experimentally testable hypotheses as to underlying
mechanisms (Hamed et al., 2013; Niu et al., 2019). Fig. 5
shows the structural models for cell cycle progression for
unperturbed control cells and cells treated with single-agent
Gem and BGJ398. Fig. 6 shows the final model, to which the
cell cycle distribution data of Fig. 4 were fitted simulta-
neously, providing the parameter estimates shown in Table 3.
In unperturbed cells, the fraction of cells in G0/G1 phase

increased significantly over 4 days, and the fraction of cells
in S phase decreased as contact inhibition and depletion
of nutrients reduced cell proliferation rates (Fig. 5A). There-
fore, unperturbed growth was modeled as a time-delayed
suppression of the G0/G1-S transition, resulting in an accu-
mulation of G0/G1-phase cells (Fig. 5B). Mechanistically, this

Fig. 5. Model schematics and effects of gemci-
tabine and BGJ398 analyzed using cell cycle
progression pharmacodynamic model. (A) Rep-
resentative fraction of MIAPaCa-2 cells in each
cell cycle phase in vehicle control group over
4 days (n = 9). Cell cycle distribution was
analyzed by flow cytometry, based upon propi-
dium iodide DNA staining. (B) Schematic of the
mechanism-based cell cycle model for the un-
perturbed vehicle control. The circles labeled
with G0/G1, S, and G2/M represent cell numbers
in each cell cycle phase. Rate constants for
transition from G0/G1 to S and to G2/M phases
are represented by kG1S, kSG2, and kG2G1. The
2 ×R2 R

Rss
function depicts cell proliferation and

the effect of contact inhibition, and the CTI1 and
CTI2 compartments reflect the delayed contact
inhibition effects. The reduction in the transit
rate from G0/G1 phase to S phase by contact
inhibition effects is represented by I2, and kt is
the first-order transit rate constant between
the two CTI compartments. (C) Representative
fraction of cells in each cell cycle phase during
Gem exposure (7.5 nM) of MIAPaCa-2 cells for 48
hours. (D) Schematic of the mechanism-based
cell cycle model for Gem. Inhibition term of cell
cycle transition from S to G2/M phase by Gem is
depicted using a blue bar. kRlag_Gem is a linear
rate constant for the delay in Gem-induced
resistance. kR_Gem is a first-order rate constant
characterizing the rate of recovery to regular cell
cycle progression. (E) Representative fractions of
cells in each cell cycle phase during BGJ398
exposure (2.5 mM) of MIAPaCa-2 cells for 48
hours. (F) Schematic of the mechanism-based
cell cycle model for BGJ398. Term for inhibition
of cell cycle transition from G0/G1 to S phase and
from G2/M to G0/G1 phase by BGJ398 is depicted
using green bars. Data shown are mean 6 S.D.
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shift in distribution results from activation of cell cycle
checkpoints (Wu et al., 1996). The cell cycle pharmacodynamic
model fitted the control data well with reasonable estimates
(Fig. 4; Table 3). The approximate doubling time (Tdouble) of
MIAPaCa-2 cells, calculated as Tdouble = k_G1S

21 +k_SG2
21 +k_G2G1

21 ,
was 17.9 hours, which is close to a previous modeling estimate
of Tdouble for MIAPaCa-2 cells (Miao et al., 2016b). The cell
number at steady-state (Rss) was 1.58�107 per well for 6-well
plates. The time at which half-maximal cell contact inhibition
(IT50) was achieved was estimated as 56.6 hours, approximately
half of the 120 hours required to reach 100% confluency. Overall,
the values estimated by the model are in concordance with
experimental observations.
With Gem treatment, cells initially accumulated in S phase

in a time- and concentration-dependent manner (Fig. 5C;
Supplemental Fig. 2) according to the rate constant kSG2, but
S-phase progression eventually resumed, and the cell cycle
distribution resembled that of the unperturbed control group
by day 4 (Supplemental Fig. 2). The approach to modeling
Gem effects is shown in Fig. 5D. The model assumes that
recovery from cell cycle arrest is the result of the emergence
of GemR mechanisms, rather than from drug loss from the
medium, and the lag time function (TRlag_Gem) is assumed to be
proportional to the log of the Gem concentration (eq. 25). Data
for the cell cycle effects of Gem concentrations $15 nM were
not incorporated into the model because the mechanisms of
Gem action at higher concentrations are complex. For exam-
ple, 15 nM Gem induced aneuploidy, which was followed by
marked sub-G1 apoptosis (Supplemental Fig. 3). However,
with Gem concentrations near the IC50, neither aneuploidy
nor apoptosis were detected. The model characterized the cell
cycle data well (Fig. 4). The estimated lag time for GemR
emergence was approximately 61–69 hours (Supplemental
Table 2), and the estimated parameters associatedwithGemR
(kR_Gem and kRlag_Gem) suggested that continuous Gem expo-
sure resulted in the emergence of GemR (Table 3).

Treatment with BGJ398 induced G0/G1 and G2/M phase cell
cycle arrest (Fig. 5E), which is consistent with results for some
growth factor receptor tyrosine kinase inhibitors (Zhu et al.,
2001; Strömberg et al., 2006). The effects of BGJ398 were
modeled as shown in Fig. 5F. The cycle phase transition rate
constants for G0/G1 to S phase (kG1S) and for G2/M to G0/G1

phase (kG2G1) were both multiplied by inhibition terms, and
the model fitted the cell cycle effects of BGJ398 treatment
well, with reasonable parameter estimates (Fig. 4; Table 3).
The estimated IC50 of BGJ398 effects on cell cycle progression
was close to the overall IC50 for cell growth inhibition, which
suggested that delay of cell cycle progression is the major
mechanism of cell growth inhibition mediated by BGJ398.
The cell cycle effects of treatment with combined Gem +

BGJ398 differed markedly from those of Gem alone. Treat-
ment with Gem alone mediated S-phase arrest that persisted
over 3 days of exposure (Fig. 5D), and cycling resumed by day 4
as resistance mechanisms emerged (Supplemental Fig. 3). In
contrast, treatment with combined Gem + BGJ398 mediated
prolonged S-phase arrest that was observed by day 3 and
persisted through day 4 (Figs. 6, A and B), suggesting that
BGJ398 can augment Gem effects on S-phase arrest and
postpone the onset of GemR. Consistent with the model
developed for Gem effects (Fig. 5D), in which continuing
Gem exposure eventually upregulates GemR factors, western
blot analysis showed that, compared with vehicle control
cells, Gem alone downregulated RRM1, a key mediator of
GemR, after 24 hours (Fig. 6C). After 72 hours of exposure,
Gem upregulated RRM1 expression compared with controls
(Fig. 6D), demonstrating a mechanism by which continuous
exposure to Gem promotes the emergence of GemR mecha-
nisms. RRM1 expressionwas decreased byBGJ398 alone after
both 24 and 72 hours of exposure (Figs. 6, C and D), and the
combination of Gem + BGJ398 further suppressed RRM1
expression after 24 hours of exposure, consistent with a delay
in onset of RRM1-mediated GemR. By 72 hours of continuous

TABLE 1
Parameter estimates for each drug after 72-hour treatment of MIAPaCa-2 cells

Parameter (Units) Definition Estimate CV%

R0 (1 � 106 cell) Cell counts in vehicle group on day 3 5.56 6.5
Imax_Gem Maximal inhibitory effects of gemcitabine 0.954 0.9
IC50_Gem (nM) IC50 of gemcitabine 8.29 7.3
gGem Hill coefficient for gemcitabine 2.18 7.5
Imax_BGJ Maximal inhibitory effects of BGJ398 1.00 0.2
IC50_BGJ (mM) IC50 of BGJ398 2.80 13.3
gBGJ Hill coefficient for BGJ398 2.82 10.9

TABLE 2
Parameters estimated in the basic cell death model of Figs. 1 and 3

Parameter (Units) Definition Estimate CV% Confidence Interval (95%)

kg (h21) Growth rate constant 0.059 3.2 0.055–0.062
R0 (�105) Initial seeding cell number 1.14 10.2 1.11–1.66
Rss (�107) Cell number at steady state 1.26 3.4 1.17–1.34
Kmax_Gem (h21) Maximal cell kill rate constant for gemcitabine 0.054 11.7 0.042–0.067
KC50_Gem (nM) Gemcitabine concentration for half Kmax_GEM 9.15 7.8 7.72–10.57
1/tGem (h21) Mean transit time for gemcitabine cell kill signal 0.151 16.7 0.100–0.201
gGem Hill coefficient for gemcitabine 3.03 12.6 2.27–3.80
Kmax_BGJ (h21) Maximal cell kill rate constant for BGJ398 0.058 24.3 0.030–0.086
KC50_BGJ (mM) BGJ398 concentration for half Kmax_BGJ 3.079 35.3 0.905–5.253
1/tBGJ (h21) Mean transit time for BGJ398 cell kill signal 0.114 10.8 0.089–0.139
gBGJ Hill coefficient for BGJ398 1.31 26.4 0.617–1.999
Cdeath Interaction parameter 0.798 5.8 0.706–0.890
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exposure of Gem + BGJ398, RRM1 was upregulated beyond
control levels (Figs. 6, C and D), indicating the temporal limits
of GemR delay by BGJ398.
To capture these data in the combined model of Fig. 6E, the

lag time for onset of GemR and resumption of S-phase
progression was extended proportional to the BGJ398 concen-
tration (eq. 27), using the expression (1-kcomb2× CBGJ) multi-
plied by kR_Gem to describe the effect of BGJ398 to decrease the
rate constants for GemR induction (eq. 28). The estimated
coefficients for the attenuatedGemR rate constants kcomb1 and
kcomb2 were 9.65 � 1023 and 3.92 � 1022 (Table 3), consistent
with a hypothesized prolongation of delay in GemR onset
and decreased magnitude of GemR mediated by BGJ398.
Because additional mechanisms may underlie the delayed
onset of GemR, such as alterations in transporter activity
(Namba et al., 2015; Zheng et al., 2015), DNA repair mecha-
nisms (Crul et al., 2003; Akita et al., 2009), and apoptotic
pathway activation (Beaujouin and Liaudet-Coopman, 2008),
a cell cycle drug interaction term ccyclewas incorporated on the
IC50 of the Gem + BGJ398 combination (eqs. 29 and 30)
to represent mechanisms not incorporated explicitly in the
model. The model fitted the cell data well (Fig. 4), and the
estimated ccycle was 0.647 (CI: 0.6467–0.6473), suggesting
the drug combination exerts overall synergistic effects in
inhibiting cell cycle progression.
Effects of Single and Combined Drugs on Gem

Transport. Receptor tyrosine kinase inhibitors such as those
inhibiting the EGF and vascular endothelial growth factor
(VEGF) receptors can block Gem transporter hENT1, which
constitutes another pathway to GemR and a reduction in

Gem cytotoxicity (Damaraju et al., 2014). To investigate the
potential effects of BGJ398 on Gem transporter hENT1,
MIAPaCa-2 cells were treated with high concentrations of
BGJ398 and Gem, alone and combined. BGJ398, Gem, or
combination treatment did not change hENT1 expression
(Supplemental Fig. 4A), indicating that transporter-mediated
cellularGemaccumulationwas not affected by FGFRi treatment,
and that synergism of Gem + BGJ398 likely results predomi-
nantly from their pharmacological interactions at RRM1 induc-
tion and delay of the emergence of GemR (Figs. 6, C and D).
Effects of Single and Combined Drugs on PDAC

Tumor Progression. Given the lack of experimental in vivo
data for BGJ398 exposure in PDAC tumors, findings from the
cell cycle progression modeling of drug interactions were
employed in the design of a dosing regimen to test whether the
Gem+BGJ398 combination would show efficacy in PDAC tumor
models. The model parameter kRlag_Gem represents the minimal
duration of BGJ398 exposure required to overcome GemR when
combined with Gem. The magnitude of TRlag_Gem, calculated by
fitting all data simultaneously (SupplementalTable 2), suggested
that the onset of GemR in vitro is on the order of 61.5–69.2 hours,
and that for BGJ398 to overcome GemR and reduce cell number,
prolonged exposure of .61.5–69.2 hours would be required.
Based upon the 13-hour half-life reported for BGJ398 in murine
tumors (Guagnano et al., 2011), and the fact that most small
molecule drugs achieve steady-state within four to five half-
lives, BGJ398 exposure in tumors would be expected to
reach steady-state in 52–65 hours after oral administration.
According to this rationale and the data available, we

designed a treatment strategy that could potentially provide

Fig. 6. Model schematic and cell cycle progres-
sion effects of combined gemcitabine and
BGJ398. (A and B) Representative cell cycle
distribution after exposure to vehicle, BGJ398
(2.5 mM), Gem (6, 7.5 nM), and combined Gem +
BGJ398 for (A) 72 hours and (B) 96 hours in
MIAPaCa-2 cells. (C and D) Western blots
of RRM1 and a b-actin loading control in
MIAPaCa-2 cells treated with indicated concen-
trations of vehicle, BGJ398, Gem, alone and
combination for (C) 24 hours and (D) 72 hours.
(E) Schematic of the mechanism-based cell
cycle progression model for combined Gem and
BGJ398. The kcomb1 and kcomb2 parameters are
used to describe the time delay of GemR onset
and decreased magnitude of GemR. The drug
interaction parameter ccycle was used to describe
the additional mechanisms by which BGJ398
sensitizes cells to Gem. Data shown are mean 6
S.D.

Synergistic Interactions of Gemcitabine and FGFR Inhibitors 379

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.120.000412/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.120.000412/-/DC1
http://jpet.aspetjournals.org/


T
A
B
L
E

3
P
ar
am

et
er
s
es
ti
m
at
ed

in
th
e
m
ec
ha

ni
sm

-b
as

ed
ce
ll
cy
cl
e
m
od

el
in

F
ig
s.

4
an

d
5

P
ar
am

et
er
s
fo
r
U
n
pe

rt
ur

be
d
C
el
ls

(U
n
it
s)

D
ef
in
it
io
n

E
st
im

at
e

C
V
%

C
on

fi
de

n
ce

In
te
rv
al

(9
5%

)

k G
1
S
(h

2
1
)

T
ra
ns

it
io
n
ra
te

be
tw

ee
n
G
0/
G
1
an

d
S
co
m
pa

rt
m
en

ts
0.
30

5
0.
3

0.
30

4–
0.
30

7
k S

G
2
(h

2
1
)

T
ra
ns

it
io
n
ra
te

be
tw

ee
n
S
an

d
G
2/
M

co
m
pa

rt
m
en

ts
0.
13

73
0.
01

0.
13

73
–
0.
13

74
k G

2
G
1
(h

2
1
)

T
ra
ns

it
io
n
ra
te

be
tw

ee
n
G
2/
M

an
d
G
0/
G
1
co
m
pa

rt
m
en

ts
0.
13

62
0.
02

0.
13

61
–
0.
13

62
G
0/

G
1 0

(1
04

ce
ll
s)

N
u
m
be

r
of

ce
ll
s
in

G
0/
G
1
ph

as
e
at

in
it
ia
l
se
ed

in
g

2.
76

3.
7

2.
56

–
2.
97

S
0
(1
04

ce
ll
s)

N
u
m
be

r
of

ce
ll
s
in

S
ph

as
e
at

in
it
ia
l
se
ed

in
g

1.
16

1.
8

1.
12

–
1.
20

G
2/
M

0
(1
05

ce
ll
s)

N
u
m
be

r
of

ce
ll
s
in

G
2/
M

ph
as

e
at

se
ed

in
g

24
.5

0.
3

24
.4
–
24

.6
R
ss
(1
04

ce
ll
s)

C
el
l
nu

m
be

r
at

st
ea

dy
st
at
e

15
80

0.
05

15
78

–
15

81
K
t
(h

2
1
)

T
ra
n
si
ti
on

ra
te

co
ns

ta
nt

be
tw

ee
n
co
nt
ac
t
in
hi
bi
ti
on

co
m
pa

rt
m
en

ts
(C

T
I 1

an
d
C
T
I 2
)

6.
73

�
10

2
3

0.
5

6.
67

�
10

2
3
-
6.
81

�
10

2
3

ɣ
H
il
l
co
ef
fi
ci
en

t
fo
r
C
T
I 2

co
m
pa

rt
m
en

t
1
(f
ix
ed

)
I m

a
x_
C
T
I

M
ax

im
al

in
hi
bi
to
ry

ef
fe
ct

fo
r
co
nt
ac
t
in
hi
bi
ti
on

1
(f
ix
ed

)
ɣ C

T
I

H
il
l
co
ef
fi
ci
en

t
of

co
nt
ac
t
in
hi
bi
ti
on

te
rm

I 2
1
(f
ix
ed

)
IT

5
0
(h
)

T
im

e
to

ha
lf
-m

ax
im

al
co
nt
ac
t
in
hi
bi
ti
on

56
.6

0.
7

55
.8
–
57

.4

P
ar
am

et
er
s
fo
r
G
em

ci
ta
bi
ne

-T
re
at
ed

C
el
ls

(U
ni
ts
)

D
ef
in
it
io
n

E
st
im

at
e

C
V
%

C
on

fi
de

nc
e
In

te
rv
al

(9
5%

)

I m
a
x_
G
em

_S
M
ax

im
al

ge
m
ci
ta
bi
ne

-i
nd

uc
ed

S
-p
ha

se
ce
ll
cy
cl
e
ar
re
st

1
(f
ix
ed

)
IC

5
0
_G

em
(n
M
)

G
em

ci
ta
bi
n
e
IC

5
0
fo
r
ce
ll
cy
cl
e
ar
re
st

ef
fe
ct
s

5.
57

0.
03

5.
57

–
5.
58

ɣ G
em

H
il
l
co
ef
fi
ci
en

t
fo
r
ge

m
ci
ta
bi
ne

S
-p
ha

se
ar
re
st

1.
98

0.
02

1.
98

–
1.
99

k R
_G

em
(h

2
1
)

F
ir
st
-o
rd

er
ra
te

co
ns

ta
nt

of
re
co
ve

ry
to

no
rm

al
ce
ll
cy
cl
e
pr

og
re
ss
io
n
af
te
r
G
em

tr
ea

tm
en

t
0.
18

2
0.
08

0.
18

1–
0.
18

2
k R

la
g_

G
em

(h
2
1
)

F
ir
st
-o
rd

er
ra
te

co
ns

ta
nt

fo
r
de

la
y
of

ge
m
ci
ta
bi
ne

re
si
st
an

ce
on

se
t

79
.1

0.
03

79
.0
–
79

.1

P
ar
am

et
er
s
fo
r
B
G
J3

98
-T
re
at
ed

C
el
ls

(U
n
it
s)

D
ef
in
it
io
n

E
st
im

at
e

C
V
%

C
on

fi
de

nc
e
In

te
rv
al

(9
5%

)

I m
a
x_
B
G
J
_G

1
G
2

M
ax

im
al

B
G
J3

98
-i
nd

uc
ed

G
1
an

d
G
2/
M

ph
as

e
ce
ll
cy
cl
e
ar
re
st

1
(f
ix
ed

)
IC

5
0
_B

G
J
(n
M
)

B
G
J3

98
IC

5
0
fo
r
ce
ll
cy
cl
e
ar
re
st

36
05

0.
02

36
04

–
36

06
ɣ B

G
J

H
il
l
co
ef
fi
ci
en

t
fo
r
B
G
J3

98
-i
nd

uc
ed

G
0/
G
1
an

d
G
2/
M

ph
as

e
ce
ll
cy
cl
e
ar
re
st

1.
80

8
0.
01

1.
80

8–
1.
80

9

P
ar
am

et
er
s
fo
r
C
el
ls

T
re
at
ed

w
it
h

C
om

bi
na

ti
on

(U
ni
ts
)

D
ef
in
it
io
n

E
st
im

at
e

C
V
%

C
on

fi
de

nc
e
In

te
rv
al

(9
5%

)

c
cy
cl
e

In
te
ra
ct
io
n
te
rm

fo
r
ce
ll
cy
cl
e
ar
re
st

0.
64

7
0.
02

0.
64

67
–
0.
64

73
k c

om
b
1
(n
M

2
1
)

F
ir
st
-o
rd

er
ra
te

co
ns

ta
nt

fo
r
pr

ol
on

ga
ti
on

of
de

la
y
in

on
se
t
of

ge
m
ci
ta
bi
ne

re
si
st
an

ce
in
du

ce
d
by

B
G
J3

98
9.
65

�
10

2
5

0.
2

9.
61

�
10

2
5
-
9.
69

�
10

2
5

k c
om

b
2
(n
M

2
1
)

F
ir
st
-o
rd

er
ra
te

co
ns

ta
nt

fo
r
de

cr
ea

se
d
m
ag

ni
tu
de

of
ge

m
ci
ta
bi
ne

re
si
st
an

ce
m
ed

ia
te
d

by
B
G
J3

98
3.
92

�
10

2
4

0.
01

3.
91

7
�

10
2
4
-
3.
91

9
�

10
2
4

380 Lin et al.

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


$120 hours of BGJ398 exposure in tumors, which modeling
had suggested would be required to suppress GemR. BGJ398
was administered by mouth for 5 days to SCID mice bearing
subcutaneous MIAPaCa-2 tumors, followed by a 2-day drug
holiday before the next cycle. Gem was administered intra-
peritoneally on the 1st and 4th day of BGJ398 treatment.
Strikingly, neither single-agent Gem (10 or 30 mg/kg) nor
BGJ398 (15 or 45 mg/kg) significantly slowed mean tumor
progression (Fig. 7A), and tumors progressed to a protocol
volume limit within two to three cycles of treatment (Figs. 7,
B–E). In contrast, the rate of tumor progression was reduced
in all groups treated with combined Gem + BGJ398. By the
end of the third treatment cycle, all mice treated with vehicle
or BGJ398 alone, and more than 60%mice in the Gem groups,
had been removed from study because of tumor progression.
At the completion of the experiment on day 21, all groups
treated with combined Gem + BGJ398 had significantly lower
mean tumor volumes (P # 0.05) than any of the control- or
single-agent treatment groups (Fig. 7A), and more than
80%mice in the Gem + BGJ398 combination groups remained
well below the tumor volume threshold limit (Figs. 7, G–I).

Discussion
In most patients with pancreatic cancer, onset of GemR is

rapid, and the lack of effective therapies contributes to the
high mortality of PDAC. More effective therapeutic strategies
and integration of new targeted agents with standard-of-care
regimens are needed urgently. Numerous factors contributing
to GemR have been reported, including multiple mutations in
key signaling pathways (Amrutkar and Gladhaug, 2017),
Gem metabolism by intratumor bacteria (Geller et al., 2017),
downregulation of the Gem uptake transporter hENT1
(Nakano et al., 2007; Namba et al., 2015), upregulation of
RRM1 and mesenchymal biomarkers (Nakahira et al., 2007;
Wang et al., 2009), and both poor tumor vascularization and
stromal amplification that together constitute a physical
barrier to drug delivery (Li et al., 2012). Emerging data
demonstrate that aberrant FGFR signaling also contributes
to PDAC cell proliferation, survival, and invasion (Coleman
et al., 2014; Kang et al., 2019), yet the therapeutic utility of
FGFRi has not been elucidated in PDAC. Here, we demon-
strate that inhibition of FGFR signaling by a pan-FGFR
inhibitor enhanced Gem efficacy in vitro and in vivo. Under
the treatment conditions employed in vitro, hENT1 expres-
sion was unchanged after BGJ398 treatment of MIAPaCa-2
cells, and thus, it is likely that the synergism results between
the two drugs predominately from pharmacological interac-
tions rather than from transporter-mediated pharmacokinetic
interactions.
Based upon experimental data, two pharmacodynamicmodels

were developed to assess Gem + BGJ398 interactions system-
atically. A basic cell proliferation/death model was employed
to describe temporal changes in PDAC cell number during
treatment with the drugs alone and combined, and the model
was able to describe both cytostatic and cytotoxic drug effects.
By comparing the threshold concentration required for cyto-
toxic effects with the experimental concentrations employed
(Miao et al., 2016a), the effects of these two drugs could be well
differentiated. A mechanism-based pharmacodynamic model
of cell cycle distribution was also developed to characterize
the nature of drug interaction with combined Gem + BGJ398.

The predominant effect of both Gem and BGJ398 was to stall
cell cycle progression. Exposure to single-agent Gem initially
led to an accumulation of cells in S phase, as observed
previously for PANC-1 PDAC cells (Zhu et al., 2015).
S-phase arrest diminished at later times, suggesting the onset
of DNA damage repair, a GemR mechanism (Ewald et al.,
2007). After 72 hours of Gem exposure, we found that RRM1
expression increased, suggesting the onset of at least one
GemR mechanism. Treatment with BGJ398 alone resulted in
cell accumulation in G0/G1 and G2/M phases. When combined
with Gem, the effect was prolonged, and enhanced S-phase
arrest was observed after 72 and 96 hours of exposure. Early in
exposure, BGJ398 treatment also increased the downregulation
of RRM1, which also reduces GemR. These observations
suggest that BGJ398 sensitizes cells to Gem by delaying the
onset of GemR mechanisms and decreasing their magnitude.
Several model parameters have important implications for

preclinical therapeutic studies and molecular mechanisms.
First, consistent with these individual observations of reduced
GemR described above, the drug interaction terms cdeath and
ccycle in the pharmacodynamic models describe quantitatively
an overall synergistic inhibition of Gem + BGJ398 on PDAC
cell proliferation and cell cycle progression over an extended
treatment period. These drug interaction terms, derived from
the in vitro culture system, support the possibility of supra-
additive inhibition of tumor progression by Gem + BGJ398
regimens in vivo. Second, the biologic meaning of these two c
values differs. In the basic cell death model, cdeath enables the
model to account for interactions at the level of both cytostatic
and cytotoxic effects, whereas in the cell cycle model, ccycle

quantifies drug interactions that increase the sensitivity of
cell cycle progression to Gem inhibition. Notably, the esti-
mated values of these drug interaction terms from the two
models were similar, suggesting that the interaction occurs
primarily in the suppression of cell cycle progression. Addi-
tional mechanisms underlying synergy may emerge, such
as increased aneuploidy, because potential mechanisms at
higher Gem concentrations (.15 mM) were not included in
the cell cycle model. We hypothesize that aneuploidy induced
by Gem represents an intermediate state between cell cycle
arrest and apoptosis, consistent with observations that cell
stress inducers, suchas the adenosinekinase/adenosine inhibitor
aminoimidazole carboxamide ribonucleotide and the heat
shock protein 90 (HSP90) inhibitor 17-AAG, trigger apoptosis
to a greater extent in highly aneuploid cells (Manchado and
Malumbres, 2011; Tang et al., 2011). Future extension of
the model to incorporate these more complex effects could
capture additional mechanisms of drug interaction at higher
concentrations, but simplifying assumptions in the present
model appear justified at concentrations close to the Gem
IC50. Third, consideration of both GemR mechanisms and
pharmacokinetics contributed to the design of an effective
combination treatment regimen. The GemR-associated parame-
ters kRlag_Gem andTRlag_Gem suggested that aminimal duration
of BGJ398 exposure (.61.5–69.2 hours) would be required to
overcome GemR when combined with Gem. Based upon the
limited pharmacokinetic data available for BGJ398 in tumors
(Guagnano et al., 2011), we surmised that 52–65 hours would
be required to reach tumor steady-state. Therefore, a weekly
regimen of two Gem treatments overlaid upon a 5-day daily
BGJ398 treatment window was selected for initial proof-of-
concept studies, and a Gem-resistant PDAC tumor model was
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Fig. 7. Effects of treatment on tumor progression
in a PDAC model. SCID mice bearing subcutane-
ous MIAPaCa-2 tumors were treated with vehicle
or the indicated doses of BGJ398, Gem, or Gem +
BGJ398 for three cycles (n = 5/group). (A) Censored
tumor volumes and body weight were measured
throughout the treatment period; data for the
mean tumor volume is no longer plotted when the
second of two animals reached the protocol tumor
volume limit of 2000 mm3. Vertical dashed lines
indicate days of intraperitoneal administration of
Gem (10 or 30 mg/kg). Gray shaded bands indicate
5-day periods of daily oral dosing with BGJ398 (15
or 45 mg/kg). Data shown are mean 6 S.E.M.; P #
0.05, *; ns, not significant. The decrease in tumor
volume on day 17 in the group Gem (10 mg/kg) +
BGJ398 (15 mg/kg)resulted from the removal of
one animal because of tumor growth to protocol
limits (Fig. 7G). No animals were removed from
study in any group because of body weight loss or
declining body condition. The experiment was
completed on day 21 after the initiation of dosing,
when more than 60% of the control- and single-
agent mice had been removed from study. (B–I)
Individual tumor progression data for each animal
in the treatment groups.
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employed to explore the efficacy of combined Gem + BGJ398.
Although neither agent alone elicited statistically significant
responses, despite the 3-fold range of concentrations adminis-
tered, the combination regimen suppressed tumor progression
markedly, without perceptible toxicity. Thus, parameter values
derived from the in vitro models provided a starting point to
devise an exploratory dosing regimen that demonstrated
superior efficacy. Further investigation of additional treat-
ment regimens is under way in a set of diverse patient-derived
PDAC xenograft models that capture a broad range of GemR
phenotypes. Of interest is an apparent lack of a dose-response
relationship in the two combined Gem + BGJ398 treatment
groups; tripling the dose of BGJ398 and Gem did not appear to
prolong inhibition of tumor volume progression. However, the
study was neither intended nor powered to identify a dose-
response relationship. Further analysis of in vivo drug in-
teraction and response mechanisms remains to be defined,
and will require extension of the models developed here to
include tumor microenvironment effects, such as the complex
autocrine and paracrine signaling interactions that occur in vivo,
as well as the influence of multiple cell types within the tumor
that respond to FGF signaling or FGFR inhibition. Nonetheless,
this initial in vivo evaluation of combined Gem + BGJ398 on
a Gem-resistant PDAC model that revealed the combination
prolonged survival significantly and advances the rationale,
generated from in vitro findings of supra-additive effects of
combined Gem + BGJ298 upon PDAC cell cycle progression
and proliferation, that FGFRi treatment represents a promis-
ing approach to sensitize PDAC tumors to Gem therapy.
The potential therapeutic impact of integration of FGFRi

into the two standard-of-care regimens for PDAC, Gem + nab-
paclitaxel and FOLFIRINOX, remains to be determined. Work
in progress indicates that Gem + BGJ398 is at least equivalent,
and possibly superior to Gem + nab-paclitaxel in inhibiting
progression of a patient-derived xenograft tumor model, and ad-
dition of BGJ398 to the standard-of-care Gem + nab-paclitaxel
combination mediates a significant increase in efficacy (un-
published data). These results are consistent with recent
reports that paclitaxel prolongs Gem-mediated inhibition of
S-phase progression (Passacantilli et al., 2018), and suggest
that BGJ398 may cooperate mechanistically to increase efficacy
of Gem + nab-paclitaxel. Studies investigating in vitro inter-
actions in the four-drug FOLFIRINOX regimen (Zoetemelk
et al., 2020) report both additivity and antagonism in pro-
moting cell death, with which our in vitro studies are consistent
(unpublished data). Preliminary results in vitro suggest
that combining BGJ398 with irinotecan, oxaliplatin, or 5-FU
decreases cell growth statistically (unpublished data), but
the nature of the pharmacodynamic interaction has not been
analyzed. Thus FGFRi interactions with the FOLFIRINOX
drugs merit thorough investigation.
In conclusion, quantitative pharmacodynamic modeling

and analysis of experimental data that capture the interac-
tions of a pan-FGFRi with Gem, a standard-of-care agent in
PDAC, suggest two important mechanisms by which the
FGFRi could improve outcomes with Gem-based therapy.
The first is that the two drugs synergize in the delay of cell
cycle progression that primes PDAC cells for eventual
apoptosis. The second is that the FGFRi sensitizes cells to
Gem by reversing GemR or delaying its onset, thereby
augmenting Gem-based efficacy significantly. The Gem +
BGJ398 combination also exerts significant efficacy in in vivo

PDACmodels. Further preclinical investigation into broader
integration of FGFR inhibitors in standard-of-care PDAC
therapy could increase clinical responses, and is supported
by these studies.
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