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ABSTRACT

Purpose The clinical application of gemcitabine (GEM) is
limited by its pharmacokinetic properties. The aim of this
study was to characterize the stability in circulating plasma,
tumor targeting, and payload release of liposome-
encapsulated GEM, FF-10832.

Methods Antitumor activity was assessed in xenograft mouse
models of human pancreatic cancer. The pharmacokinetics of
GEM and its active metabolite dFACTP were also evaluated.
Results In mice with Capan-1 tumors, the dose-normalized
areas under the curve (AUCs) after FF-10832 administration
in plasma and tumor were 672 and 1047 times higher, respec-
tively, than after using unencapsulated GEM. The tumor-to-
bone marrow AUC ratio of dFdCTP was approximately eight
times higher after FF-10832 administration than after GEM
administration. These results indicated that liposomal encap-
sulation produced long-term stability in circulating plasma
and tumor-selective targeting of GEM. In mice with Capan-
1, SUIT-2, and BxPC-3 tumors, FF-10832 had better antitu-
mor activity and tolerability than GEM. Internalization of FF-
10832 in tumor-associated macrophages (TAMs) was
revealed by flow cytometry and confocal laser scanning mi-
croscopy, and GEM was efficiently released from isolated
macrophages of mice treated with FF-10832. These results

>4 Takeshi Matsumoto
takeshi.matsumoto@fujifilm.com

Bioscience and Engineering laboratories, FUJIFILM Corporation, 577
Ushijima, Kaisei-machi, Ashigarakami-gun, Kanagawa 258-8577, Japan

2 Analysis Technology Center, FUJIFILM Corporation, Nakanuma 210,

Minamiashigara, Kanagawa 250-0193, Japan

Facutty of Pharmacy, Institute of Medical, Pharmaceutical and Health
Sciences, Kanazawa University, Kakuma-machi,
Kanazawa, Ishikawa 920-1192, Japan

suggest that TAMs are one of the potential reservoirs of
GEM in tumors.

Conclusion This study found that FF-10832 had favorable
pharmacokinetic properties. The liposomal formulation was
more effective and tolerable than unencapsulated GEM in
mouse xenograft tumor models. Hence, FF-10832 is a prom-
ising candidate for the treatment of pancreatic cancer.
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ABBREVIATIONS

AUC Area under the concentration-time curve

AP Active pharmaceutical ingredient

Dil 1,1"-dioctadecyl-3,3,3',3"-tetramethylindocar-
bocyanine perchlorate

DR 1,1'- dioctadecyl-3,3,3',3'-tetramethylindotri-

carbocyanine iodide

drdCTP Gemucitabine triphosphate

DLS Dynamic light scattering

EFS Event-free survival

ENTI Equilibrative nucleoside transporter 1

EPR Enhanced permeability and retention

GEM Gemcitabine

HSPC Hydrogenated soy phosphatidylcholine
N-MPEG- N-(methylpolyoxyethylene oxycarbonyl)-1,2-
DSPE distearoyl-sn-glycero-3-phosphoethanolamine
MRT Mean residence time

TAM Tumor-associated macrophages

TEM Transmission electron microscopy;

THU Tetrahydrouridine
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INTRODUCTION

Pancreatic cancer is a major cause of cancer-related deaths (1).
Surgical resection is a potentially curative treatment, but only
a small percentage of patients undergo resection, because
most diagnoses occur at an advanced stage and are therefore
unresectable (2). Some chemotherapeutic agents improve the
survival rate of patients with advanced pancreatic cancer.
Gemcitabine (GEM)-based therapies are the first line of stan-
dard treatment; however, the clinical outcomes of this treat-
ment have been unsatisfactory, with limited eflicacy (2, 3). Itis
believed that the rapid clearance of GEM from systemic cir-
culation (t;,9 ~ 0.3 h) is a key issue in treatment and leads to
the relatively poor clinical outcomes (4, 5).

GEM, 2',2"-difluoro 2'-deoxycytidine (dI'dC), is a nucleo-
side analog that is effective against a number of cancer types,
including pancreatic, breast, ovarian, and non-small cell lung
cancers (6). GEM is taken up into cells via transporters for
nucleosides, including equilibrative nucleoside transporters
and concentrative nucleoside transporters (CN'Ts) (6), and is
then metabolized to gemcitabine monophosphate. This con-
version is catalyzed by deoxycytidine kinase and is the rate-
determining step (7). After two more phosphates are added by
other enzymes, pharmacologically active gemcitabine triphos-
phate (dFACTP) is finally formed. dFdCTP blocks DNA syn-
thesis and results in cell death (7, 8). The pharmacological
effects of dFdCTP are time dependent, and sustained expo-
sure of the tumor to the drug is required for killing cells. Cells
are targeted in the synthesis phase (S phase) of the cell cycle
(8—10). Because of these pharmacological and pharmacokinet-
ic properties, a continuous infusion of GEM to produce sus-
tained plasma levels of GEM has been investigated in clinical
trials, and the findings revealed that the infusion provided
longer median survival rates than those achieved using stan-
dard administration. However, using this approach, an in-
creased incidence of hematological adverse events was ob-
served in patients with advanced pancreatic cancer (11, 12).
These findings suggested that the continuous infusion of GEM
led to the accumulation of the drug in tumors over time,
resulting in improved efficacy. However, the concentration
of the drug was also increased in the bone marrow, resulting
in increased hematological toxicity.

Liposomal encapsulation is a promising approach for the
achievement of prolonged exposure of drugs. Clinically appli-
cable carriers for liposomal formulations have been developed
to protect an active pharmaceutical ingredient (API) from
rapid metabolism in plasma, and to passively target the API
to the tumor site by virtue of its enhanced permeability and
retention (EPR) effect. The EPR effect is defined as the selec-
tive accumulation of molecules of a specific size, such as
PEGylated liposomes in tumors, owing to tumor vasculature
permeability (13). Although liposomal formulations of GEM
have been developed to improve its stability in plasma and
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tumor-targeting efficiency in preclinical studies, these formu-
lations have not yet been used clinically (4, 5, 14-17). For
practical clinical use, liposomes need to be stable in plasma
over the long term and be able to release a sufficient amount
of GEM in the tumor tissues. However, liposome-
encapsulated GEM was found to have a short half-life and
to be rapidly distributed into extravascular spaces, presumably
because of the instability of the formulation in plasma (5, 14,
16, 17). Thus, the construction of a stable liposomal formula-
tion of GEM has been challenging, involving encapsulation of
an extremely hydrophilic compound (5, 14-17).

Our liposomal formulation of GEM, named IFF-10832,
was designed to have long-term stability in plasma, high ac-
cumulation in tumors, and payload release at a rate that main-
tains GEM concentrations in the therapeutic range for opti-
mal periods of time. The aim of the study was to characterize
the pharmacokinetic properties and compare the in vivo anti-
tumor efficacies of a liposomal GEM formulation with those
of unencapsulated GEM. In this study, FF-10832 was ob-
served to have strong antitumor effects without severe body
weight loss in mice with subcutaneous xenografted Capan-1
tumors, which are GEM-sensitive (18), and BxPC-3 tumors,
which are GEM-insensitive (19), as well as in mice with ortho-
topic xenografted SUIT-2 tumors. We attempted to deter-
mine the mechanism underlying the enhanced antitumor ac-
tivity. Our findings provide evidence supporting the validity of
an ongoing clinical Phase 1 study for the treatment of pancre-
atic cancer using this novel liposomal formulation.

MATERIALS AND METHODS
Materials

Hydrogenated soy phosphatidylcholine (HSPC) and
N-(methylpolyoxyethylene oxycarbonyl 2000)-1,2-distearoyl-
sn-glycero-3-phosphoethanolamine, sodium salt (N-MPEG-
2000-DSPE) were procured from NOF Corporation
(Tokyo, Japan). Gemcitabine hydrochloride was procured
from Plantex Ltd. (Netanya, Israel). Cholesterol was procured
from Nippon Fine Chemical (Osaka, Japan). Ethanol, ethyl
acetate, sodium chloride, disodium hydrogen phosphate 12
hydrate, sodium dihydrogen phosphate dihydrate, sucrose,
and l-histidine were procured from Merck KGaA
(Darmstadt, Germany). Sodium hydroxide solution
(8 mol/L) was purchased from Wako Pure Chemicals
(Osaka, Japan). 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindocar-
bocyanine perchlorate (Dil) and 1,1'- dioctadecyl-3,3,3',3'-tet-
ramethylindotricarbocyanine iodide (DiR) were purchased
from Thermo Fisher Scientific (Waltham, MA).
Gemcitabine triphosphate and 3,3'-diaminobenzidine were
purchased from Sigma-Aldrich (St. Louis, MO).
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Preparation of Lipid Encapsulated FF-10832
and Labeled FF-10832

FF-10832 was prepared as previously reported (20).
Briefly, an empty liposome containing cholesterol,
HSPC, and N-MPEG-DSPE at a molar ratio of 4:15:1
was first prepared. GEM was loaded into the liposome
by the passive-loading method, and then unencapsulated
GEM was removed by diafiltration. The purified lipo-
some was sterilized by filtration. In a previous report, no
transfer of fluorescence from liposomes, which consists of
HSPC/cholesterol/N-MPEG-DSPE/DIiR, to lipoproteins
or other plasma proteins appeared, and the dye was be-
lieved to be stably incorporated within the liposomes
in vivo when the fluorescence dye (DiR) was added while
preparing the liposomes (21). Therefore, labeled FF-
10832 (FF-10832-Dil and FF-10832-DiR) was prepared
by adding Dil or DiR while preparing the liposomes used
in the present study. FF-10832-Dil and FF-10832-DiR
consist of cholesterol/HSPC/N-MPEG-DSPE/Dil or
DiR at a molar ratio of 4:15:1:0.04. Details are provided
in the Supplementary Methods.

Morphology, Size, and Stability Assays

The morphology and size of FF-10832 were assessed us-
ing transmission electron microscopy (cryo-TEM, JEM-
2010, JEOL Ltd., Tokyo, Japan) and dynamic light scat-
tering (DLS, ELSZ-2000ZS, Otsuka Electronics, Tokyo,
Japan), respectively. Stability was checked according to
the guidelines recommended by the International
Federation of Pharmaceutical Manufacturers &
Associations (22), under storage conditions of 5°C + 3°C
for up to 24 months. The encapsulation efficiency (%) was
calculated as follows:

Encapsulation efficiency (%) = (Ciota1 —Ciice) /Crorar X 100
(1)

where Ciyy and Cig.,. represent the concentrations of total
and unencapsulated GEM, respectively. To prepare samples
for measuring unencapsulated GEM, 200 uL of FF-10832
containing approximately 0.5 mg/mL of GEM were loaded
onto an ultrafilter (Amicon® Ultra-0.5, MWCO: 10 K,
Merck Millipore, MA) and centrifuged (7400xg, 20°C,
30 min). The concentrations of GEM and total lipids were
analyzed using high-performance liquid chromatography
(HPLC) and HPLC/charged acrosol detector (HPLC-
CAD), respectively. The details of the procedures are provid-
ed in the Supplementary Methods. Experiments at each time
point were performed in triplicate.

Animals

All animal studies were conducted in compliance with the
“Act on Welfare and Management of Animals” and Code of
Ethics for Laboratory Animals of Fujifilm Corporation. For
subcutaneous mouse xenograft models, Capan-1 and BxPC-3
pancreatic cancer cells were passaged in a non-confluent state,
and 3-10 X 10° Capan-1 cells and 1 x 10" BxPC-3 cells were
suspended in 100 pL of fetal bovine serum (FBS)-free medium
(Capan-1: IMDM, BxPC-3: RPMI 1640) and subcutaneously
injected into the right flank of female BALB/cAJcl-nu/nu
mice (CLEA Japan, Kanagawa, Japan). SUIT-2 pancreatic
cancer cells were orthotopically administered as previously
described (23). Briefly, the cells (1 X 10”) suspended in 10 pL
of FBS-free RPMI 1640 (Fujifilm Wako Pure Chemical
Corp., Osaka, Japan) medium were inoculated into the pan-
creas of female BALB/cAJcl-nu/nu mice that were anesthe-
tized with isoflurane. For control groups, corresponding FBS-
free medium was similarly injected.

In Vivo Pharmacokinetics

FF-10832-Dil was confirmed to be stable in plasma for 72 hin
preliminary in vitro studies (data not shown). Therefore, Dil
was chosen to label FF-10832 for in vivo pharmacokinetic
analysis. Female BALB/cAJcl nu/nu mice were intravenously
administered FF-10832 (4 mg/kg) and GEM (240 mg/kg) via
the tail vein. Mice with Capan-1 or BxPC-3 tumors (n =4
animals/group) were intravenously administered FF-10832
(4 mg/kg), FI-10832-Dil (4 mg/kg), GEM (240 mg/kg), or
a vehicle (9.4% sucrose solution) via the tail vein, when the
average tumor volume reached approximately 100-500 mm?®.
Both FF-10832 and labeled FF-10832 at a dose of 4 mg/kg of
GEM contained 125 mg/kg of phospholipids. To measure
plasma concentrations of GEM in female BALB/cAJcl nu/
nu mice, 600 puL of blood was collected 0.25, 2, 4, 8, 24, and
48 h after FF-10832 administration, 50 pL of blood was col-
lected 5 min and 0.25, 0.5, 2, 4, and 24 h after GEM admin-
istration. The blood was added to tubes containing tetrahy-
drouridine (THU), an inhibitor of cytidine deaminase, at a
final concentration of 100 pg/mL and centrifuged for
800xg for 10 min at 4°C to prepare the plasma samples.
The plasma samples were stored at —40°C until analysis. To
measure the tissue concentrations of GEM and dFdCTP, tu-
mor and bone marrow tissues were collected 4, 24, 32, 48, and
72 h after administration of GEM or FF-10832. For in vivo
GEM release, tumor tissues and blood samples were collected
6, 24, and 48 h after FF-10832-Dil administration. Tumor
and bone marrow tissues were harvested, placed in tubes con-
taining THU at a final concentration of 100 ng/g tissue,
weighed, flash frozen in liquid nitrogen, and stored at
—80°C until analysis.
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The concentrations of GEM and dFdCTP were analyzed
using liquid chromatography/tandem mass spectrometry,
and concentrations of Dil were analyzed using HPLC.
Details of the procedures are provided in the Supplementary
Methods section.

GEM release (%) was indirectly calculated using a previ-
ously published formula (24), with modifications:

GEM release (%) = {1 —[Gem (t)/Dil (t)]/[Gem (0)/DiI (0)]} x 100
(2)
where [Gem (0)] and [Dil (0)] represent the GEM and Dil

concentrations, respectively, in the solution administered to
the animals, and [Gem (t)] and [Dil (t)] represent GEM and
Dil concentrations, respectively, in plasma and tumor tissues
at time ¢ after administration. In developing this equation, we
assumed that total GEM concentrations were comparable to
encapsulated GEM concentrations in plasma and tumors, be-
cause unencapsulated GEM could quickly disappear due to its
metabolic instability and rapid tissue distribution. In fact, the
concentration of unencapsulated GEM measured using ultra-
filtration in plasma after the administration of FF-10832 at
4 mg/kg (Fig. S1) were less than 1/100 of the corresponding
total GEM concentrations.

Whole-Body Imaging

The near infrared dye DiR, which has low tissue autofluores-
cence (21), was chosen for whole-body imaging. Mice with
Capan-1 tumors were intravenously administered FF-10832-
DiR (3 mg/kg) via the tail vein. Whole-body imaging was
performed 72 h after administration using an ImageQuant
LAS 4000 image reader (GE Healthcare, Chicago, IL) after
mice were anesthetized with a 2.5% isoflurane/air mixture in
a plastic chamber.

Histology and Flow Cytometric Analysis

Mice with Capan-1 or BxPC-3 tumors were administered FI-
10832-Dil (4 mg/kg) or vehicle via the tail vein. For histology,
the tumors were collected 72 h after administration and snap-
frozen for cryo-sectioning. The frozen tissue sections were
imaged using a fluorescence microscope (OLYMPUS,
Tokyo, Japan) to detect FF-10832-Dil. Vascular endothelial
cells in the sections were subsequently stained with rat anti-
mouse CD31 antibody (X100 diluted BD Pharmingen™
#550274, BD Biosciences, Franklin Lakes, NJ), followed by
staining with 3,3’-diaminobenzidine and hematoxylin—eosin.

For flow cytometric analyses, single-cell suspensions of the
tumors were prepared using gentle MACS (Milteny1 Biotec,
North Rhine-Westphalia, Germany), and the cells were
stained with BV421-conjugated anti-mouse F4/80 antibody
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(BD Biosciences), and APC-conjugated anti-human epithelial
cell adhesion molecule (EpCAM/CD326) antibody (BD
Biosciences). Flow cytometric analyses were performed using
a FACSArialll (BD Biosciences).

Confocal Laser Scanning Microscopy Analysis

Mice with Capan-1 tumors were administered FF-10832-
Dil (4 mg/kg) or the vehicle via the tail vein. The tumors
were collected 24 h after administration. Single-cell
suspensions of the tumors were prepared using gentle
MACS. The single-cell suspensions were purified using
F4/80 MicroBeads (Miltenyi Biotec). Briefly, the I'4/80-
positive cells were magnetically labeled with anti-IF4/80
MicroBeads. The cell suspension was then loaded onto a
MACS LS Column (Miltenyi Biotec). After removing the
column from the magnetic field, the magnetically retained
F4/80-positive cells were eluted. The purified cells (2 ¥
10° cells/well) were seeded into 96-well plates
(CellCarrier-96, PerkinElmer, Waltham, MA), and
stained for 30 min with 50 nM LysoTracker Deep Red
(Thermo Fisher Scientific) in RPMI 1640 containing 10%
FBS and 1% Penicillin—Streptomycin. The cells were then
stained for 10 min with 10 pg/mL Hoechst 33342
(Dojindo Laboratories, Kumamoto, Japan) in phosphate
buffered saline (PBS). The cell images were captured us-
ing a confocal quantitative image cytometer CQ1
(Yokogawa Electric, Tokyo, Japan) and analyzed using
the CQ1 proprietary measurement software. All experi-
ments were performed in triplicate.

In Vitro GEM Release from Peritoneal Macrophages
Internalizing FF-10832

Male Jcl:ICR mice (CLEA Japan, Kanagawa, Japan) were
intraperitoneally administered 5 mg/kg of FF-10832. Three
hours after administration, 10 mL of'ice-cold PBS was admin-
istered into the peritoneal cavity, and peritoneal fluids were
collected for isolation. After washing twice with PBS followed
by centrifugation at 400Xg for 5 min at 4°C, the cells were
suspended in RPMI 1640 medium, seeded into a 96-well
plate, and incubated at 37°C in a 5% COy atmosphere.
Subsequently, the cells were centrifuged at 500Xg for 5 min
at 4°C, the medium was ultrafiltered at 14,000xg for 15 min
at 4°C using an Amicon® Ultra-0.5, and the supernatants
were collected for the determination of GEM concentration
using LC-MS/MS at 0, 0.25, 0.5, 1, 3, 6, and 24 h after
seeding. The GEM release (%) was calculated as the ratio of
drug concentration in the supernatant to that in the cells be-
fore seeding X 100.
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In Vivo Antitumor Activity

Female BALB/cAJcl-nu/nu mice with Capan-1 or BxPC-
3 tumors were randomized and intravenously adminis-
tered either FF-10832 (2, 3, 4, or 5 mg/kg), GEM
(240 mg/kg), or the vehicle (9.4% sucrose solution) once
a week for 3 weeks. The length and width of the tumors
were measured twice a week. The tumor volume was
obtained as follows:

Tumor volume = length x [width]* x 0.5 (3)

SUIT-2 cells, a human pancreatic cancer cell line, was
used as an orthotopic tumor model. Seven days after the
implantation of SUIT-2 cells, mice were randomized and
240 mg/kg GEM, 4 mg/kg FF-10832, or 9.4% sucrose
solution was intravenously administered via the tail vein
once a week for 11 weeks. The mice were followed for
91 days after implantation, and the event-free survival
(EFS) time from tumor transplantation until death or
moribundity were evaluated. Moribundity included
>20% decrease in body weight, hypothermia, or other
conditions requiring euthanasia.

Detection of Inhibition of DNA Synthesis

Female BALB/cAJcl-nu/nu mice with Capan-1 or BxPC3
tumors were intravenously administered FF-10832
(4 mg/kg), GEM (240 mg/kg), or vehicle (9.4% sucrose
solution) via the tail vein. The tumors were collected,
sectioned, and stained using Click-iT EdU Alexa Fluor
488 Imaging Kits (Thermo Fisher Scientific). Images were
captured on a confocal quantitative image cytometer
CQl (Yokogawa Electric), and the percentage of EdU-
positive DNA-synthesizing cells was calculated and nor-
malized by the value measured after vehicle administra-
tion. Details of the procedures are provided in the
Supplementary Methods section.

Statistical Analysis

Median fluorescence intensity was assessed 72 h after admin-
istration using Tukey’s multiple comparison test for the medi-
an of all groups. Tumor volumes were assessed on each eval-
uation day using Tukey’s multiple comparison test for the
means of all groups. The EFS was graphically represented
using Kaplan—Meier analysis, and the EFS between groups
were compared using log-rank tests in GraphPad Prism
(GraphPad Software, San Diego, CA). Differences with
$<0.05. were considered to be statistically significant.

RESULTS

Morphology, Mean Particle Size, and Stability
of FF-10832

TEM analysis revealed that FF-10832 was homogeneous in
appearance, and consisted of unilamellar vesicles (Fig. la).
The total GEM content, total lipid content, and particle size
were 0.49 £0.01 (mg/mL), 1.43£0.01 (w/v%), and 79 £ 2
(nm), respectively, and these results were stable during the 24-
month storage at 5°C + 3°C (Figs. 1b, c). This stability
allowed >96% encapsulation of the drug (Fig. 1b). These sta-
bility data suggested that FF-10832 is suitable for clinical
applications.

Pharmacokinetics of FF-10832 in Mice with Capan-I|
Tumors

Although we have reported plasma and tumor concentrations
of GEM in a mouse model of Colon26 peritoneal dissemina-
tion after FF-10832 administration (20), the detailed pharma-
cokinetics of FF-10832 in mice with human pancreatic tumors
are still unclear. The plasma and tumor concentration profiles
of GEM were measured in mice with Capan-1 tumors after
administration of FF-10832 at a dose of 4 mg/kg, and com-
pared with those in mice after administration of GEM at a
dose of 240 mg/kg. The doses selected for FF-10832 and
GEM corresponded to the maximum tolerated doses
(MTDs), which induced body weight loss of 20%.

In plasma, GEM concentrations >1000 ng/mL were ob-
served for up to 0.5 h after GEM administration, and up to
48 h after FF-10832 administration (Fig. 2a). The pharmaco-
kinetic parameters (Vo, AUC(,s, CL, Vy, Vd, and t,) of
GEM after administration of FF-10832 or GEM are shown in
Table I. Compared with the administration of unencapsu-
lated GEM, the administration of FF-10832 decreased CL
675-fold, Vi 13-fold, and Vdy 26-fold. The parameter t,,
was increased three-fold and AUC,/dose was increased
672-fold.

Similarly, longer exposure of Capan-1 tumors to >100 ng/
g GEM was achieved for up to 72 h after FF-10832 adminis-
tration, but only for <24 h after GEM administration (Fig.
2b). The AUC,i/dose in tumors after FF-10832 adminis-
tration was increased 1047-fold relative to that after GEM
administration (Table I).

These results indicated that systemic and tumor exposures
were higher for GEM FF-10832 than for GEM itself in mice
with tumors.

Uptake of FF-10832 in Capan-1 Tumors

To understand the localization of FF-10832 in mice with
tumors, GEM-encapsulated liposomes incorporating Dil

@ Springer
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Fig. | Characterization of FF-10832. (a) TEM images of FF-10832.
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and DiR into the lipid bilayer (FF-10832-Dil and FF-10832-
DiR, respectively) were intravenously administered to mice
with tumors, and fluorescence was monitored. HPLC analysis
revealed a gradual increase in tumor Dil concentration until
24 h, which was then constant for up to 72 h after FF-10832-
Dil administration (data not shown). On the basis of these
results, whole-body imaging was performed 72 h after FF-
10832-DiR administration, and found that FF-10832-DiR
was distributed in tumors (Fig. 2¢). Then, to confirm the lo-
calization of the liposome within the tumor microenviron-
ment, immunohistochemical staining using CD31 antibodies
of tumor blood vessels was performed with concomitant he-
matoxylin and eosin staining. When stained images were com-
pared with the Dil images in sequential cryosections, FF-
10832 was shown to primarily accumulate in the tumor stro-
ma outside of the tumor vessels, and minimal accumulation
was observed in the tumor cells (Figs. 2d, e). The localization
of FF-10832 in tumors was further analyzed using
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fluorescence-activated cell sorting, in which F4/80 and
EpCAM were used as marker antigens for macrophages and
tumor cells, respectively. IF4/80-positive cells 1solated from
Capan-1 tumors exhibited strong Dil signals, whereas
EpCAM-positive cells or other cells did not (Fig. 2f). The
Dil signals were significantly (p < 0.001) more intense in F'4/
80-positive cells than in EpCAM-positive cells or other cells
(Fig. 2g). Confocal fluorescence microscopy analysis revealed
that FF-10832-Dil (red florescence) co-localized with lysosom-
al markers (green fluorescence) in F4/80-positive cells (Fig.
2h). Overall, these results suggested that FI-10832 was extrav-
asated from the blood into tumors, possibly by the EPR effect,
where they were at least partially internalized, and then pro-
cessed in lysosomes in TAMs.

Payload Release of FF-10832

We attempted to measure the payload released from lipo-
somes in tumor tissues. However, it was technically difficult
to directly measure the GEM released from liposomes in vivo,
so the ratios of released GEM in plasma and tumors were
calculated based on the concentrations of Dil and GEM in
plasma, tumor, and the administered solution, according to
Eq. (2). The release of GEM after intravenous administration
of FF-10832-Dil at a dose of 4 mg/kg was higher in tumors
than in plasma (Fig. 3a).

To examine whether macrophages in which FF-10832 was
loaded and internalized could release GEM to the extracellu-
lar space, FF-10832 was intraperitoneally administered to
mice at a dose of 5 mg/kg, and peritoneal macrophages were
isolated 3 h after administration. A confocal laser scanning
microscopy analysis revealed that FF-10832-Dil (red flores-
cence) was at least partially co-localized with lysosomal
markers (green fluorescence) in peritoneal macrophages (Fig.
S2). The concentrations of GEM were then examined in the
culture supernatant over time. GEM was time-dependently
released from the 1solated macrophages, and the amount of
GEM in the supernatant reached 96% of the internalized
GEM in macrophages after 24 h in vitro (Fig. 3b). These
results supported our hypothesis that GEM can be released
from macrophages into the extracellular space, such as in a
tumor microenvironment, when FF-10832 is administered in-
to mice, although quantitative estimation of the contribution
of such release from macrophages to overall GEM exposure to
tumor cells 1s still difficult. The released GEM might be taken
up by the surrounding cells via membrane transporters.

Concentration of an Active Metabolite GEM (dFdCTP)
after Administration of FF-10832 in Mice with Capan-1|
Tumors and BxPC-3 Tumors

After systemic administration of GEM, the drug was dis-
tributed to tissues non-selectively and relatively uniformly
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section stained with CD3 | detect-
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matoxylin and eosin staining (upper
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resent 100 um. (f, g) Distribution of
FF-10832-Dil in EpCAM- and F4/
80-positive cells in Capan-1 tumors
72 h after a single intravenous dose.
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for EpCAM-positive (tumor, blue),
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axis shows the relative cell count for
each population (normalized to
mode), and the x axis shows the
Dil-fluorescence intensity.
Comparison of the distribution of
FF-10832-Dil between F4/80-
positive cells (macrophages),
EpCAM-positive (tumor) cells, and
other cells (g). Each data point rep-
resents the median = standard de-
viation (n = 5 animals/group). ***
p < 0.001 vs. tumor cells, and *#*
p < 0.001 vs. other cells. (h)
Uptake of FF-10832-Dil in F4/80-
positive cells in Capan-| tumors is
shown by confocal laser scanning
microscopy images for nuclei (blue),
Dil (red), lysosome (green), and
merged
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(25), leading to adverse myelosuppression, in addition to ~ GEM. Higher levels of GEM in the tumors were observed

favorable antitumor activity. Liposome-encapsulated  after FF-10832 administration than after GEM adminis-

GEM was expected to increase tumor exposures via the  tration (Fig. 2b). To confirm the selective distribution of
EPR effect, reducing the exposures of normal tissue to the active API, GEM, in the tumor microenvironment,
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Table I  Pharmacokinetic parameters of GEM after FF-10832 and GEM
intravenous administration

Parameters Unit GEM FF-10832
240 mghg® 4 mgkg”

Plasma  AUCy g ug-h/mL 73.0 821

CL mbL/minkg  54.8 0.0812

Vo Lkg 0.722 0.0545

Viss Lkg 140 0.0592

tip h 2.90 8.18

AUC.ust / Dose min-kg/mL 0.0183 12.3
Tumor AUC.ut / Dose min-kg/g 0.000824 0.863

All the parameters were calculated for mean values of GEM concentration
profile (n = 4 animals/each time point)

a) Dose equivalent to GEM

dFdCTP concentrations in both Capan-1 tumors and
bone marrow were measured (Fig. 3c). After the adminis-
tration of FF-10832, the tumor-to-bone marrow AUC ra-
tio was higher for dFdCTP (AUC ratio, 8.5) than that for
GEM (AUC ratio, 1.1). It therefore appeared feasible that
FF-10832 could have enhanced antitumor effects, with
reduced myelosuppression.

Capan-1 tumors were experimentally sensitive (18),
whereas BxPC-3 tumors were insensitive to GEM (19)
in vivo. BxPC-3 tumors have been reported to express
equilibrative nucleoside transporter 1 (ENT1), which is
involved in the cellular uptake of GEM, at low levels
(26). The concentrations of dFdCTP in tumors were ex-
amined in mice with Capan-1 or BxPC-3 tumors after
administration of 4 mg/kg of FF-10832 or 240 mg/kg of
unencapsulated GEM (Figs. 3d, e). In both tumor models,
GEM administration resulted in higher initial dFdCTP
concentrations followed by rapid reduction, whereas FF-
10832 administration produced sustained dFdCTP con-
centrations (Figs. 3d, e). The pharmacokinetic parameters
of dFdCTP in BxPC-3 and Capan-1 tumors are shown in
Table II. After GEM administration, C,.x, AUCq a5t
and MRT(_,, of dFACTP in BxPC-3 tumors were de-
creased 2.1-fold, 3.4-fold, and 1.4-fold, respectively, rela-
tive to those in Capan-1 tumors (Table II). This observa-
tion was compatible with the lower expression of GEM
uptake transporter in BxPC-3 tumors (26). After FF-
10832 administration, the C,,, and AUC_,, in BxPC-
3 tumors were decreased 2.6-fold and 2.4-fold, respective-
ly, relative to those in Capan-1 tumors, whereas the
MRT( 5 values were comparable between BxPC-3 and
Capan-1 tumors (Table II). These results indicated that
BxPC-3 had a lower exposure to dFdCTP than Capan-1
tumors after administration of FF-10832 and GEM, al-
though the duration of exposure after FF-10832 adminis-
tration was comparable between BxPC-3 and Capan-1
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tumors (Figs. 3d, ¢). The concentrations of dFACTP for
48 h after FF-10832 administration were also comparable
between BxPC-3 and Capan-1 tumors (Figs. 3d, e).

Antitumor Activity of FF-10832 in Mouse Subcutaneous
Xenograft Tumor Models

To evaluate their antitumor activities in mouse subcuta-
neous xenograft models, FF-10832 or GEM at doses up to
the MTD were intravenously administered to mice with
Capan-1 or BxPC-3 tumors once a week for 3 weeks. In
mice with Capan-1 tumors, tumor growth was significant-
ly (p<0.001) suppressed by FF-10832 and GEM relative
to the vehicle control (Fig. 4a). FF-10832 at 2 mg/kg and
4 mg/kg exhibited dose-dependent antitumor activity,
and at 4 mg/kg was significantly higher (» <0.001) than
that of GEM at the MTD (240 mg/kg; Fig. 4a). Similar
body weight decreases were transiently observed after
each drug treatment in mice treated with FF-10832 at
4 mg/kg and GEM at 240 mg/kg.

In mice with BxPC-3 tumors, unencapsulated GEM at
MTD did not suppress tumor growth (Fig. 4b). In con-
trast, significant suppression of tumor growth was ob-
served for FF-10832 at 4 mg/kg and 5 mg/kg (»<0.05
and p < 0.001, respectively) relative to that of the vehicle
(Fig. 4b). A transient body weight decrease, which was
evident in comparison with the vehicle control, was ob-
served in the FF-10832 5 mg/kg group and was limited to
the first dosing.

These results indicated that the antitumor efficacy of FF-
10832 was superior to that of unencapsulated GEM in these
subcutaneous xenograft tumor models.

Pharmacodynamic Analysis of FF-10832 in Mice
with Capan-1 and BxPC-3 Tumors

To support prolonged target-organ exposure to FF-10832,
mice with Capan-1 or BxPC-3 tumors received FF-10832
intravenously at 4 mg/kg or GEM at 240 mg/kg, and the
time profiles of EAU labeling of the tumor tissues were exam-
ined (Figs. 4c, d). EdU labeling was inhibited for 72 and 48 h
after FI-10832 administration to Capan-1 and BxPC-3
tumors, respectively, whereas EAU labeling was initially
inhibited, but reverted to be higher than the vehicle control
level and peaked at 48 and 24 h after GEM administration in
Capan-1 and BxPC-3 tumors, respectively (Figs. 4c, d). This
inhibition of EdU labeling over time appeared to be compat-
ible with more sustained dFACTP concentrations after the
administration of FIF-10832 than that with the administration
of unencapsulated GEM in each tumor (Figs. 3d, e).
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Fig. 3 Release of GEM and Appearance of dFdCTP After Administration of FF-10832. (a) In vivo GEM releases (%) in plasma (green) and tumor
tissue (red) of mice with Capan-| tumors after a single intravenous dose of FF-10832-Dil. Concentrations of GEM and Dil were measured in plasma, tumor, and
the administered solution, and the percentage release of GEM was calculated according to Eq. (2). Each data point represents the mean = standard deviation
(n = 6 animals/time point). (b) In vitro GEM release (%) from peritoneal macrophages isolated from mice treated with a single intraperitoneal dose of FF-10832.
The percentage of GEM released was calculated as described in the Materials and Methods section. Each data point represents the mean = standard deviation
(n = 4 animals/time point). (€) The mean dose-normalized AUC 1, results of dFdCTP in Capan-| tumors (red) and bone marrow (purple) of mice are shown
for mice with Capan- | tumors treated with a single intravenous dose of 240 mg/kg GEM and 4 mg/kg FF-10832. The dFdCTP concentrations were calculated at
4, 24, 32, 48, and 72 h after administration, and the AUCy_,s/dose values were calculated. The parameters were calculated for mean values of the dFdCTP
concentration profile (n = 4 animals/each time point). (d, e) Concentrations of dFdCTP in Capan-1 (d) and BxPC-3 (e) tumors after a single intravenous dose of
GEM (brown) and FF-10832 (blue). Each data point represents the mean = standard deviation (n = 4 animals/time point)

Antitumor Activity of FF-10832 in a Mouse Orthotopic
Xenograft Tumor Model

To evaluate antitumor activities in mouseorthotropic xeno-
graft pancreatic tumors, SUIT-2 cells were selected. SUI'T-2
orthotropic transplantation reportedly causes pancreatic ade-
nocarcinoma that mimics the pattern of disease progression of
human pancreatic cancer (23). FF-10832 at 4 mg/kg or GEM
at 240 mg/kg was intravenously administered once a week for
11 weeks, and the survival times were compared (Fig. 4e). The
median survival times in the FF-10832 and GEM groups were
89 and 74 days, respectively, and were significantly longer
than those in the vehicle control group (36.5 days), with

increased EFS times (both p <0.001). The EFS time in the
FF-10832 group was significantly increased relative to that in
the GEM group (p <0.01). The survival rates until termina-
tion of the experiment were 0% for the vehicle and GEM
groups and 40% for the FF-10832 group. These results indi-
cated that the antitumor efficacy of FF-10832 was superior to
that of GEM 1n a clinically relevant mouse model.

DISCUSSION

In this study, we identified favorable pharmacokinetic properties
of FF-10832, including plasma stability, tumor selectivity, and
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Table Il Pharmacokinetic parameters of an active metabolite of GEM
dFdCTP in Capan-| and BxPC-3 tumors

Parameters  Unit GEM 240 mg/kg? FF-10832 4 mg/kg”

Capan-1 BxPC-3 Capan-| BxPC-3
Cora usls 13.9 6.66 121 0.467
AUCy®  ughfg 120 35,1 337 13.9
MRTom®  h 8.95 6.31 23.2

All the parameters were calculated for mean values of dFdCTP concentration
profile (n = 4 animals/each time point)

a) Maximum dFdCTP concetration in tumor

b) AUC up to last measured concentration time point in tumor

) Mean residence time up to last measured concentration time point in tumor
d) Dose equivalent to GEM

prolonged maintenance of dFdCTP levels in the tumor micro-
environment. The antitumor efficacy of FF-10832 is illustrated
in Fig. 5. FF-10832 appeared to be extravasated from blood to
tumors, possibly by EPR, and internalized in TAMs, in which
the FF-10832 was processed in lysosomes to release GEM. The
released drug was imported into cancer cells through the trans-
porter and metabolized to pharmacologically active dFdCTP
that inhibits DNA synthesis and replication, leading to antitu-
mor effects. As a result, good antitumor efficacies were observed
i mouse xenograft tumor models, including Capan-1, BxPC-3,
and SUIT-2 tumors.

A short half-life of GEM in circulation (Fig. 2a) was probably
associated with the limited pharmacological activity of this drug.
A short incubation period markedly reduced the cytotoxicity of
GEM in Capan-1 cells in an in vitro experiment (Fig. S3). In
mice with Capan-1 tumors, an intravenous infusion of GEM at
a dose of 4.4 mg/kg for 48 h exhibited antitumor activities
superior to those of an intravenous bolus injection at a dose of
240 mg/kg (Fig. S4), suggesting that a longer duration of tumor
cell exposure to GEM was necessary to produce effective anti-
tumor activity. Earlier formulations of liposome-encapsulated
GEM mostly did not achieve a smaller volume of distribution
of GEM or longer half-life than that of unencapsulated GEM
administration (14, 15, 17). These earlier formulations therefore
needed to be administered frequently, twice a week or every
other day, to exert their pharmacological effects in tumor-
bearing mice (14, 15, 17). The pharmacologically effective doses
of these formulations were often comparable with low doses of
unencapsulated GEM (4-10 mg/kg) and had much lower
MTDs (15, 16), suggesting that the maximum eflicacies of unen-
capsulated GEM were not comparable with those of formula-
tions. Thus, the construction of an efficacious liposome-
encapsulated GEM formulation was considered to be a consid-
erable challenge, possibly because of the highly hydrophilic
character of GEM molecules. In contrast, FF-10832 achieved
favorable pharmacokinetics with a smaller volume of
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distribution and a longer half-life than unencapsulated GEM
(Table I) in circulating plasma.

In addition to long-term stability in circulating plasma, the
amount of encapsulated drug released from the liposome for-
mulations inside the tumor microenvironment was critical (27,
28). Thermosensitive liposomal doxorubicin and GEM, for ex-
ample, can release their payloads specifically in tumor regions,
but require hyperthermia to control the release rate (16, 28, 29).
Drug release without a special device that produces external
energy would be preferable in a clinical setting. Controlling
payload release at the tumor site could lead to appreciable anti-
tumor effects in pancreatic cancer cells. In this study, an indirect
method of quantifying the in vivo release of GEM from lip-
osomes was established, and accelerated release of GEM from
the liposomes in the tumor microenvironment relative to the
release rate in plasma was achieved for more than 48 h after
administration of FF-10832 (Fig. 3a). The precise mechanisms
underlying such GEM release remains to be elucidated, but flow
cytometry and immunohistochemistry analyses revealed prefer-
ential internalization of FF-10832 by TAMs in mice with
Capan-1 tumors (Figs. 2d—g). PEGylated liposomal doxorubi-
cin, Doxil®, has been reported to be localized to the liver and
spleen, which are the sites of macrophages or macrophage-like
phagocytic cells, despite the STEALTH® PEG-coating strategy
(30). Therefore, it can be speculated that FF-10832 also might
be taken up by macrophages in tumors and other tissues. FI-
10832-Dil was mainly distributed in the liver, spleen, and
tumors (data not shown). A confocal laser scanning microscopy
analysis revealed that a portion of FF-10832 was internalized in
TAMs and localized in lysosomes (Fig. 2h). Intracellular process-
g of FF-10832 in lysosomes of macrophages may thus contrib-
ute, at least partially, to the release of GEM to the extracellular
spaces (Figs. 3a, b), although the contribution of such release
from macrophages to the overall exposure of tumor cells to
GEM has not yet been quantitated. Thus, TAMs appeared to
play key roles in both liposome uptake and encapsulated drug
release in tumor tissues; further, TAMs possibly act as a reservoir
of GEM,, although various players and more complex mecha-
nisms are speculated to be involved in anticancer pharmacology.

If TAMs are a reservoir of GEM, the toleration of TAMs to
GEM exposure could be an issue, because GEM is cytotoxic
to both tumor cells and proliferating normal cells. In our pre-
liminary study, the effect of GEM on the cell viability of bone
marrow-derived macrophages was investigated, and the ECs
value reached 10,000 nM (Fig. S5). Because the ICs( values of
GEM in pancreatic cancer cells ranged from 18 to 28 nM (18)
and the in vitro growth inhibition ICs values of GEM 1n all
pancreatic cancer cell lines examined were < 123 nM
(Table S1), TAMs were considered to be able to tolerate ex-
posure to GEM. We performed a Good Laboratory Practice
(GLP) toxicity study in rats administered FF-10832 intrave-
nously at doses <3 mg/kg once a week for 4 weeks. The
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toxicity study did not show any evidence of impaired or de-
pleted macrophages in the liver (data not shown).

GEM 1s known to be cytotoxic to proliferating cells such as
bone marrow cells, in addition to cancer cells. Therefore, to
understand the efficiency of targeting of FF-10832 to tumors,
we measured the “free” concentrations of GEM in the tumor
and bone marrow, as distinct from that encapsulated in lipo-
somes. However, it is technically difficult to measure liposome-
encapsulated and unencapsulated GEM, separately in tissues.
To overcome this obstacle, concentrations of dFdC'TP, an active

10 20 30 40 50 60 70 80 90
Day after inoculation

o

form of GEM, in tumors and bone marrow were measured.
The tumor/bone marrow AUC ratio of dFdCTP after FF-
10832 administration was almost eight times greater than that
after GEM administration (Fig. 3c), suggesting that FF-10832
treatment has a better therapeutic index than standard or in-
fused GEM. In the rat toxicokinetic study, the exposure to FI-
10832 at the low dose (1 mg/kg) were comparable to those at
the pharmacologically effective dose in mice (data not shown). In
the rat GLP toxicity study, moderate to severe bone marrow
hypocellularity, suggesting myelosuppression, was observed in
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Fig. 5 Summary of FF-10832.
The postulated antitumor efficacy of
FF-10832 is illustrated. FF-10832 is
extravasated from blood into
tumors, possibly by the EPR, and
internalized in TAMs, in which FF-
10832 is processed in lysosomes to
release GEM. The released drug is
imported into cancer cells through
the transporter and metabolized to
pharmacologically active dFdCTP
that inhibits DNA synthesis and
replication, leading to the antitumor
efficacy

addition to marked hematologic changes in the high-dose FI-
10832 group (3 mg/kg) and the GEM group (120/80 mg/kg).
The effects on the bone marrow were much milder, and were
limited to bone marrow hypercellularity in the low- and mid-
dose FF-10832 groups (1 and 2 mg/kg), indicating an adaptive
change to mildly affected blood cells (data not shown). In the
present pharmacological studies, body weight losses were ob-
served in the FF-10832 groups, although the clinical relevance
of the body weight changes was uncertain, since these experi-
ments were conducted in immunodeficient mice bearing human
tumors. Owing to the targeted delivery, fewer adverse events of
myelosuppression are expected in the clinical setting.

ENT1 transports GEM, and has been reported to play a
significant role in chemoresistance to pancreatic cancer (31).
We therefore sought to understand the differences in sensitivity
between GEM and FF-10832 in BxPC-3 and Capan-1 tumors
i terms of the GEM uptake transporter ENT'1, as a potential
molecular mechanism for anticancer activity. ENT1 expression
in BxPC-3 tumors was lower than that in Capan-1 tumors (Fig.
S6), resulting in lower tumor exposures to GEM and dFdCTP
in mice with BxPC3 tumors than in those with Capan-1 tumors
(Table II). Longer GEM and dFACTP exposure times could be
required to achieve sufficient antitumor effects, but the survival
time after the administration of unencapsulated GEM was short
mn mice with BxPC3 tumors (Fig. 3e). The MRT)}, values of
dFACTP in mice with BxPC3 tumors after administration of
FF-10832 were longer, and were comparable to those in
Capan-1 tumors (Table II). By detecting EdU-positive cells,
prolonged inhibition of DNA synthesis in tumors was shown in
mice with BxPC3 tumors after FF-10832 administration (Fig.
4d). Thus, the sustained dFdCTP concentration profile in
tumors resulted in efficacy in mice with BxPC-3 tumors and
possibly overcame GEM resistance in the model (Figs. 3e, 4b).
The dFACTP concentration profiles in tumors support the pre-
dicted outcomes of GEM chemotherapy for pancreatic cancer.

We also evaluated the antitumor efficacy of FI-10832 in an
orthotopic mouse model using the SUIT-2 cell line, which was
derived from a human pancreatic cancer patient. The cell line
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carries both ARAS and 7TP53 gene mutations, which are ubig-
uitous driver-gene mutations in pancreatic cancer, and are re-
sponsible for the expression of tumor biomarkers, carcinoems-
bryonic antigens, and carbohydrate antigens 19-9 (32, 33). In a
previously developed SUIT-2 orthotopic model of pancreatic
adenocarcinoma in mice, we observed metastasis one week after
transplantation, similar to Stage IV human pancreatic cancer
(23). Drug administration starting from day 7 produced a longer
median survival time in the FF-10832 group than in the GEM
group (Fig. 4e), an observation which provided further evidence
supporting its potential efficacy in clinical studies.

The extent of the EPR effect and its variability in preclin-
ical cancer models, as well as in human tumors, is a key com-
ponent of antitumor efficacy and the size of the therapeutic
window (34, 35). Therefore, since the present study suggested
the importance of the EPR effect in liposomes and uptake by
TAMs, potential inter- or intra-individual heterogeneity in
EPR-mediated tumor targeting may explain the heteroge-
neous outcomes of clinical trials. The assessment of liposome
deposition in tumors, possibly by imaging technology, could
identify patients well suited for FF-10832 treatment in the
clinical setting. High levels of deposition of **Cu-MM-302
and ferumoxytol iron nanoparticles in tumors have been
reported to be associated with better treatment outcomes from
HER2-targeted PEGylated liposomal doxorubicin and lipo-
somal irinotecan, respectively, in cancer patients (35, 36).

Accelerated blood clearance (ABC), a phenomenon that has
been reported to occur in PEGylated liposomal drug products,
is a potential problem. The phenomenon is thought to be trig-
gered by production of anti-PEG immunoglobulin M (IgM)
upon exposure to lipids (37, 38). However, concentrations of
total GEM after repeated administration of FF-10832 at
4 mg/kg were not markedly different from those after a single
administration in mice (Fig. S1), indicating that there was no
evidence of such a phenomenon with FF-10832. Nevertheless,
the potential to induce the ABC phenomenon should be care-
fully monitored in clinical settings, due to potentially different
susceptibilities among species.
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CONCLUSIONS

In this study, we identified favorable properties of FF-
10832 as a novel liposome-encapsulated GEM. These
properties included (i) high plasma stability; (i1) high tu-
mor accumulation via the EPR effect, and at least partial
internalization by TAMs; and (ii1) prolonged exposure of
dFdCTP in the tumor microenvironment (Fig. 5).
Increased exposure to the liposomal formulation at con-
siderably low doses of GEM achieved efficacies in mouse
xenograft tumor models, including Capan-1, BxPC-3, and
SUIT-2 tumors, and toleration superior to that of unen-
capsulated GEM, suggesting that FF-10832 is a promising
candidate for the treatment of pancreatic cancer.
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