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Low chemosensitivity considerably restricts the therapeutic efficacy of gemcitabine (GEM) in pancreatic
cancer treatment. Using immunohistochemical evaluation, we investigated that decreased expression of
human equilibrative nucleoside transporter-1 (hENT1, which is the major GEM transporter across cell
membranes) and increased expression of ribonucleotide reductase subunit 2 (RRM2, which decreases the
cytotoxicity of GEM) was associated with low GEM chemosensitivity. To solve these problems, we
employed a nanomedicine-based formulation of cationic liposomes for co-delivery of GEM along with
siRNA targeting RRM2. Due to the specific endocytic uptake mechanism of nanocarriers and gene-
silencing effect of RRM2 siRNA, this nanomedicine formulation significantly increased GEM chemo-
sensitivity in tumor models of genetically engineered Panc1 cells with low hENT1 or high RRM2
expression. Moreover, in a series of patient-derived cancer cells, we demonstrated that the therapeutic
benefits of the nanomedicine formulations were associated with the expression levels of hENT1 and
RRM2. In summary, we found that the essential factors of GEM chemosensitivity were the expression
levels of hENT1 and RRM2, and synthesized nanoformulations can overcome these problems. This unique
design of nanomedicine not only provides a universal platform to enhance chemosensitivity but also
contributes to the precision design and personalized treatment in nanomedicine.

© 2017 Published by Elsevier Ltd.

1. Introduction

chemotherapy has profoundly influenced the survival of many
cancer patients. Despite the successful development of chemo-

Ever since the effective use of aminopterin and nitrogen mus- therapeutic agents, one of major hurdles for successful chemo-
tards for cancer treatment in the mid 20th century [1,2], therapy is drug resistance [3]. Resistance after initial drug
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treatment leads to unsatisfactory chemotherapeutic effects in
cancer patients, especially in individuals with cancers of a low
resectable rate, such as pancreatic ductal adenocarcinoma (PDAC).

Due to the difficulty of early diagnosis, only 20% of patients with
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pancreatic cancer are considered surgically resectable [4]. For the
other 80% of patients with advanced pancreatic cancer, radio-
therapy [5] and recently developed targeted therapy [6] have
limited survival benefit; the main treatment scheme remains to be


mailto:niegj@nanoctr.cn
mailto:renhe@tjmuch.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2017.12.015&domain=pdf
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2017.12.015
https://doi.org/10.1016/j.biomaterials.2017.12.015
https://doi.org/10.1016/j.biomaterials.2017.12.015

X. Zhao et al. / Biomaterials 158 (2018) 44—55 45

chemotherapy. The median overall survival of patients with met-
astatic pancreatic cancer is fewer than 7 months, even when pa-
tients are treated with the current first-line regimen, gemcitabine
(GEM, 2’-deoxy-2',2'-difluorocytidine, dFdC) [6]. The objective
response rate was only 9.4% after GEM single agent treatment in
pancreatic cancer patients [6], which is attributed to severe drug
resistance against GEM in the majority of patients. Although there
are many causes of drug resistance in clinic, including limited
vascular accessibility and dense extracellular matrix as drug de-
livery barriers in the tumor microenvironment, the major cause of
drug resistance is the low chemosensitivity of cancer cells per se
[7-9].

The process of cellular uptake and intracellular metabolism of
GEM in cancer cells is complex, and many factors affect GEM
cytotoxicity (Fig. S1) [10]. As a pro-drug with high hydrophilicity,
GEM penetration across the cell membrane depends on an appro-
priate transporter. In human cancer cells, human equilibrative
nucleoside transporter-1 (hENT1, GenBank accession no. 2030) was
identified as the major GEM transporter across cell membranes
[11,12]. Once inside the cell, GEM must be converted to its
diphosphate (dFACDP) and triphosphate (dFACTP) forms. During
this transformation, deoxycytidine kinase (dCK, GenBank accession
no. 1633) is the rate-limiting enzyme [ 13—15]. dFdCTP inhibits DNA
synthesis by being incorporated into DNA, where it leads to masked
chain termination and subsequent apoptosis. Also, dFACDP can
irreversibly inactivate ribonucleotide reductase (RR), which cata-
lyzes the conversion of ribonucleoside diphosphates (NDP) to
deoxyribonucleoside diphosphates (ANDP), which is essential for
DNA replication [16]. Moreover, it has been reported that over-
expression of RR induces high levels of dNTP pools, which can
competitively inhibit the incorporation of dFACTP into DNA,
thereby decreasing the cytotoxicity of GEM [17]. Human RR is a
dimeric enzyme comprising two subunits, M1 (RRM1, GenBank
accession no. 6240) and M2 (RRM2, GenBank accession no. 6241)
[18,19]. Although the potential correlation between the expression
levels of the four essential proteins in GEM metabolism (hENT1,
dCK, RRM1, and RRM2) and GEM chemosensitivity in both
pancreatic cancer cells and clinical studies have been reported
[20—26], there is still no consensus on the key factors involved in
GEM chemosensitivity at present.

Nanocarrier-based drug delivery systems have been devised and
evaluated for their ability to deliver therapeutic cargoes (such as
drugs and/or siRNA) to overcome drug resistance [27—31]. The
solutions based on nanomedicines have been applied as a co-
delivery of multiple drugs and/or chemosensitizers to increase
local drug concentrations due to passive and/or active tumor target
effects. To maximize the clinical benefit of nanomedicines, an in-
depth understanding of the mechanisms by which tumors resist
drugs is critical for the customized design of nanocarriers and
identification of the patient subpopulations responding to a given
nanomedicine. Herein, we describe a precise design to increase
GEM chemosensitivity in pancreatic cancer. Our strategy began
with a rigorous statistical analysis of clinical data to determine that
the key factors responsible for low GEM chemosensitivity in North
China were low hENT1 and high RRM2 expression, followed by the
design of functional nanocarriers directly address the clinical dis-
covery. The delivery of GEM by nanocarriers and endocytosis into
cancer cells could overcome the low chemosensitivity caused by
low hENT1 expression. In addition, the co-delivery with siRNA
against RRM2 would enhance the chemosensitivity of GEM in
cancer cells with high RRM2 expression. Next, genetically engi-
neered pancreatic cancer cell lines with different expression levels
of those key factors were utilized to assess the therapeutic efficacy
of the nanomedicine. Finally, the antitumor efficacy of GEM and the
nanomedicine formulations were evaluated in primary patient-

derived pancreatic cancer cells. The different levels of therapeutic
benefit revealed the importance and necessity of personalized
application of nanomedicine.

2. Materials and methods
2.1. Patient cohort and clinical treatment

The use of human samples was approved by the Ethics Com-
mittee of Tianjin Medical University Cancer Institute and Hospital
and followed the ethical guideline. We obtained the informed
consent from all subjects. We retrospectively enrolled all patients
who received a radical resection with a pathologically confirmed
diagnosis of pancreatic ductal adenocarcinoma and were treated at
Tianjin Cancer Hospital from December 2009 to January 2013. The
follow-ups for final analysis ended on June 30, 2015. Patients with
at least one of the following conditions were excluded: (1) patients
who received neoadjuvant chemotherapy, chemoradiotherapy, or
non-GEM-based chemotherapy; (2) patients with macroscopically
incomplete resection; (3) patients with a history of another major
cancer; (4) patients who died within one month after the operation
or due to non-cancer related causes. The patients received at least
three cycles of GEM-based chemotherapy after operation. GEM was
delivered by a 30-min intravenous infusion at a dose of 1000 mg
per square meter of body surface area weekly for two weeks fol-
lowed, by one week intervals, then for two weeks in a subsequent
three-week course.

2.2. Immunohistochemistry

For IHC analysis of tissue microarray, anti-hENT1 mouse
monoclonal antibody (sc-377283,1:100, Santa Cruz, USA), anti-dCK
rabbit polyclonal antibody (ab151966, 1:500, Abcam, UK), anti-
RRM1 rabbit monoclonal antibody (ab133690, 1:350, Abcam, UK),
and anti-RRM2 mouse monoclonal antibody (ab57653, 1:500,
Abcam, UK) were used to determine the levels of protein expression
of hENT1, dCK, RRM1 and RRM2, respectively. IHC slides were
independently graded by two pathologists, who were blinded to
patient outcomes. Discordant cases were assessed by a third
pathologist, and a consensus was reached.

Membrane and cytoplasmic staining for hENT1 were regarded
as positive. Cytoplasmic staining for dCK, RRM1 and RRM2 was
regarded as positive. Immunoreactivity was scored semi-
quantitatively according to the intensity and extent of tumor cell
staining. The intensity of tumor cells staining was scored as
0 = negative, 1 = low, 2 = medium and 3 = high. The extent of
staining was scored as 0 = 0%—5% staining, 1 = 5%—25% staining,
2 = 26%—50% staining and 3 = 51%—100% staining. The final score
was determined by multiplying the scores of intensity with the
extent of staining, in the range of 0—9. Final scores of less than 1
were considered negative (—), 1-2 as low staining (+), 3—4 as
medium staining (+-+) and 6—9 as high staining (+++).

2.3. Synthesis of nanoformulations

The DOTAP-based cationic liposome nanoparticles (approved by
the US Food and Drug Administration for clinical trials,
NCT00059605) were prepared by a lipid film method. Briefly, a
15 pmol lipid mixture of DOTAP (LP-R4-117, Ruixi Biological Tech-
nology Co., China), dioleoyl-phosphatidylethanolamine (DOPE, LP-
R4-069, Ruixi Biological Technology Co., China), cholesterol (Chol,
121530, JK Chemical, China) and distearoyl-
phosphatidylethanolamine-methyl-polyethyleneglycol conjugate-
2000 (DSPE-mPEG2000, LP-R4-039, Ruixi Biological Technology
Co., China) at a molar ratio of 8:3:8:1 was dissolved in 10 ml



46 X. Zhao et al. / Biomaterials 158 (2018) 44—55

dichloromethane, and dried into a thin film followed by a hydration
process with 10 ml double distilled water in a water bath at 50 °C to
form multilamellar vesicles (MLV). For NP-GEM synthesis, 60 mg
GEM (BIFK0023, JK Chemical, China) was added into the hydration
solution. The resulting MLV were then extruded using a LipoFast
mini extruder (Avestin, Canada) through a polycarbonate mem-
brane of 0.2 um with 5 cycles to form large unilamellar vesicles
(LUVs). For NP-GEM preparation, the LUVs were centrifuged
through a 30 kD ultrafiltration centrifuge tube (Millipore, USA) to
remove the un-encapsulated GEM. The NP-GEM was resuspended
in 10 ml double distilled water. After demulsification and HPLC
analysis for GEM, the encapsulation efficacy was determined to be
15.2% using the formula R=a/b x 100%, where a is the GEM
amount in NP-GEM after demulsification and b is the initially added
GEM amount. When the NP and NP-GEM were used to absorb
siRNA, the nanoparticle solution was combined with siRNA at a
siRNA:DOTAP mass ratio of 0.628:1 and then incubated for
20 min at room temperature. There were 1030 ug lipids, 912 pug
GEM and 264 pg siRNA in 1ml NP-GEM-siRNA in the final
preparation.

2.4. Characterization of nanoformulations

For morphology measurements, the nanoparticles were depos-
ited on a carbon-coated copper grid, following by negative staining
with 2% uranyl acetate and examination with a transmission elec-
tron microscope (TEM, JEM-200CX, Japan). For size distribution and
zeta potential measurements, the dynamic light scattering (DLS)
was estimated using a Zetasizer Nano ZS90 (Malvern Instruments,
UK) with 90° optics and a He—Ne Laser (4.0 mW, 633 nm). For the
electromobility shift assay, DNA (pEGFP-N1 plasmid) was mixed
with NP-GEM at different mass ratios of DNA:DOTAP for 15 min at
room temperature. The mixture was analyzed by gel electropho-
resis using a 1% agarose gel for DNA, stained with SYBR and visu-
alized under a UV light.

2.5. In vivo characterization of NP-absorbed siRNA

For circulation experiments, 66 pug Cy3-sicon was adsorbed onto
the surface of NP-GEM (NP-GEM-Cy3-sicon). Cy3-sicon and NP-
GEM-Cy3-con were injected into the tail veins of female 4-week old
nu/nu mice. Mice were imaged at different time intervals using the
Maestro™ 2 imaging system (CRI, USA). In addition, blood was
drawn at different time intervals after injection and Cy3-siRNA
fluorescence intensity was measured using the Infinite M200
microplate reader (TECAN, Switzerland). To generate a conversion
formula between siRNA quality and fluorescence intensity in blood,
a standard curve using blood from normal mice injected with
known amounts of fluorescent siRNA was established.

For tumor targeting experiments, tumor-bearing mice were
generated by injecting 5 x 108 Panc1 cells subcutaneously into the
right flank. After injection with NP-GEM-Cy3-sicon, organs and
tumors were imaged ex vivo using the Maestro 2 imaging system.
To determine the major percentage of the injected dose accumu-
lated in the organs and tumors, the tissues were pulverized under
liquid nitrogen and homogenized in 10 Mm Tris buffer with 1%
sodium dodecyl sulfate at 95°C for 10 min and centrifuged at
14,000 g. The fluorescence intensity of the lysate was measured
using an Infinite M200 microplate reader. The standard curve for
each organ was also generated using the organs and tumors from
un-injected animals.

2.6. Antitumor efficacy in vivo

All animal experiments were reviewed by the animal ethics

committee of National Center of Nanoscience and Technology,
China and followed the guideline. All animals were obtained from
Vital River Laboratory Animal Technology Co. China. 5 x 108
transfected Panc1 cells were subcutaneously injected into the right
flank of female 4-week old nu/nu mice (5 mice/group). When the
tumor volume reached about 80 mm?, the mice were randomly
allocated to the different experimental group and different drug
formulations (containing 11.4 mg/kg of GEM and/or 3.3 mg/kg of
siRNA) were injected into the tail vein. The investigator was not
blinded to the group allocation. During the treatment, tumor sizes
were measured, and tumor volumes were calculated using formula
V =(1/2)ab? where a is the tumor's long axis and b is the short axis.
Mice with tumor implants were euthanized 20 days after drug
treatment, and the tumor xenografts were excised and weighed.
The tumor inhibition rates were calculated using the formula R =
(1-a/b) x 100%, where a is the mean tumor mass of the treatment
group, and b is the mean tumor mass of the matching saline group.

2.7. Statistical analysis

Kaplan-Meier curves were used to analyze the survival of pa-
tients with different expression levels of the different proteins, and
the log-rank test was used to obtain a P-value for the significance of
Kaplan-Meier curves' divergence. Univariate Cox proportional
hazards regression model was used to identify predictors of prog-
nosis in various patient demographics and clinical characteristics.
Significant clinical and demographic variables and four variables of
protein expression (hENT1, dCK, RRM1, and RRM2) were then
added into the final model for backward selection of the multi-
variate Cox proportional hazards regression model, to identify in-
dependent prognostic factors. Except for clinical analysis and
in vivo experiments, all the experiments were replicated 3 times.
The data is presented as mean + s.d., and the two-sided Student's t-
test for unpaired data was used to compare mean values. Analyses
were performed using the SPSS17.0 statistical analysis software. A
P-value of <0.05 was considered statistically significant.

3. Results

3.1. Identification of a correlation between low hENT1 or high
RRM?2 protein expression and poor prognosis in PDAC patients
receiving GEM treatment

To determine the key factors associated with clinical GEM che-
mosensitivity, we first used immunohistochemistry (IHC) to
examine the expression level of four proteins (hENT1, dCK, RRM1
and RRM2) in a tissue microarray consisting of 96 human PDAC
specimens, who received at least three cycles of GEM-based
chemotherapy after radical resection. Representative images of
patient samples stained for the four proteins are shown in Fig. S2.
According to our scoring system, the expression levels were divided
into two groups: high expression (++ and +++) and low expres-
sion (- and +). Using Kaplan-Meier curves for survival analysis, we
found that the patients with low hENT1 protein expression (hEN-
T1'°") had a significantly poor overall survival (0S) and relapse free
survival (RFS) than those patients with high hENT1 protein
expression (Fig. 1A and B). The patients with high RRM2 protein
expression (RRM2"8") also had significantly worse OS and RFS than
those with low RRM2 protein expression (Fig. 1A and B). In addi-
tion, multivariate Cox regression analysis identified that the
expression of hENT1 and RRM2 protein were significantly inde-
pendent prognostic factors for OS (Table S1). Taken together, the
clinical data suggest that low hENT1 and high RRM2 protein
expression are the critical factors correlated with poor GEM che-
mosensitivity in pancreatic cancer patients.
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Fig. 1. Identification of the clinical key factors associated with GEM chemosensitivity in pancreatic cancer patients. (A) and (B) Kaplan-Meier curves were used for survival
analysis for (A) OS and (B) RFS according to the different expression levels of the four proteins. There are censored data in cases of a lack of monitoring. The P values were obtained
using the log-rank test.

3.2. Design and synthesis of nanomedicine to increase GEM

chemosensitivity

To precisely design nanotherapeutics specifically for GEM che-
mosensitivity in pancreatic cancer treatment, a nanocarrier with
features specifically targeting hENT1'°" or RRM2"8" was created as
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shown in Fig. 2A. Dioleoyl-trimethylammonium propane (DOTAP)-
based cationic liposomal nanoparticles (NP) were used to encap-
sulate GEM into the carrier's hydrophilic core (NP-GEM). To spe-
cifically deplete RRM2 expression in tumor tissues, negatively
charged siRNA targeting RRM2 (siRRM2) was absorbed onto the
surface of the cationic nanoparticles by electrostatic forces. The
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Fig. 2. Design principle of nanoformulations to enhance GEM chemosensitivity and characterization of the nanocarriers with different components. (A) Synthesis of the
nanoformulations to simultaneously delivery GEM and siRRM2. The DOTAP-based cationic liposome was assembled by a lipid film dispersion method, and encapsulated GEM into
its hydrophilic core in the preparation process (NP-GEM). The negatively charged siRRM2 was then absorbed onto the surface of nanoparticles by electrostatic forces (NP-GEM-
siRRM2). (B) Enhancement of chemosensitivity by NP-GEM-siRRM2 related to GEM in pancreatic cancer cells with low hENT1 protein expression (hENT1'°%) or high RRM2 protein
expression (RRM2"8"). Due to a lack of uptake mechanism in hENT1'°" cancer cells, GEM cannot effectively enter cells to induce apoptosis. This uptake barrier can be bypassed by
encapsulating GEM into nanocarriers that enter the cell via endocytosis. In addition, the siRRM2, simultaneously delivered into tumor cells, will aid GEM in overcoming the low
chemosensitivity caused by excessive RRM2 expression in RRM2"" cancer cells. (C) TEM images of NP, NP-GEM and NP-GEM-siRRM2. (D) The particle sizes of NP, NP-GEM and NP-
GEM-siRRM2. (E) The zeta potential of NP, NP-GEM and NP-GEM-siRRM2. (F) The zeta potential changes of NP-GEM after surface absorption with sicon under different mass ratios
of siRNA:DOTAP. (G) The electromobility shift assay of siRNA when they were mixed with NP-GEM in different mass ratios of sSiRNA:DOTAP. (H) The drug release profiles of NP-GEM-
siRRM2 at different PBS solutions (pH 4.4, 7.4 or 7.4 with 10% FBS). (I) The siRRM2 release profiles of NP-GEM-siRRM2 at different PBS solutions (pH 4.4 or 7.4) over times were
examined by gel electrophoresis.
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main strategy of this design system enables the efficient, endocytic
delivery of GEM into hENT1'°Y cancer cells, which originally lack of
uptake mechanism on the cell membrane due to low hENT1
expression [20,21]. This endocytic delivery potentially overcomes
the low chemosensitivity caused by hENT1'°Y. In addition, the
siRRM2 that are simultaneously absorbed and delivered into cells
will assist GEM in evading the low chemosensitivity caused by
excessive RRM2 expression in RRM2DEM cancer cells (Fig. 2B).

The transmission electron microscopy (TEM) data demonstrated
that the liposomal nanoparticles were well dispersed with a
defined spherical structure (Fig. 2C). The addition of GEM into the
nanoparticles led to assembly into even more uniform spherical
nanoparticles (NP-GEM; Fig. 2C). According to DLS measurements,
the average hydrodynamic diameters of NP and NP-GEM were
111.9 +10.1 and 85.4 +15.3 nm, respectively (Fig. 2D). The zeta
potential of NP was 34 +2.1 mV, due to the cationic lipids, and
changed to 29.5+2.1 mV after GEM encapsulation (Fig. 2E). The
GEM encapsulation did not significantly influence the positive
charge and the nucleic acid binding capacity of the liposomes. Next,
we examined the nucleic acid-binding capacity of NP-GEM. With
increased mass ratios of siRNA:DOTAP from 0.06:1 to 4:1, the zeta
potential of NP-GEM changed from 25.5 to —35.7 mV (Fig. 2F). In
addition, the result of electromobility shift assay titration experi-
ments showed that the siRNA was fully neutralized, i.e., no addition
mobility was observed, when the siRNA:DOTAP ratio was lower
than 0.3:1 (mass ratio; Fig. 2G). These results indicate that NP-GEM
possess a strong nucleic acid-binding capacity. The nanocarriers
absorbed siRRM2 at a final therapeutic dose of 0.628:1 of
siRRM2:DOTAP (mass ratio). Compared to NP-GEM, the siRRM2-
absorped NP-GEM (NP-GEM-siRRM2) had a slightly irregular sur-
face after absorbing siRNA (Fig. 2C), a minor difference in size
distribution (84.1 +26.6 nm) (Fig. 2D), and a zeta potential that
radically changed to —17.1 + 0.6 mV, due to the siRRM2 binding
(Fig. 2E).

Next, we measured the in vitro release profiles of NP-GEM-
siRRM2 at different PBS solutions (pH 4.4, 7.4 or 7.4 with 10%
FBS). The releases of GEM at PBS (pH 7.4) or PBS with 10% FBS were
slow and sustained, and only about 20% of GEM was accumulatively
released within 12 h (Fig. 2H). However, the accumulative drug
release was much faster at acidic PBS solution (pH 4.4), which is
similar to that of the lysosomes, with 82.4% GEM being released
within the first 48 h (Fig. 2H). The release of siRRM2 was also faster
at acidic PBS solution than that at PBS with pH 7.4 (Fig. 2I). The
underlying mechanism for the accelerated release of cargoes at pH
4.4 may associated with the transition of the DOPE liposomes from
a bilayer structure to a hexagonal arrangement under pH 4.4, which
accelerates the liposomal disassembly and drug release [32].

3.3. Characterization of siRNA-delivery ability and knockdown
efficiency in vitro and in vivo

Next we further studied if and the extent to which NP-absorbed
siRNA can be effectively delivered into cells and knockdown gene
expression both in vitro and in vivo. To analyze the siRNA-delivery
efficacy across cell membranes, the fluorescence intensity of
Panc1 cells was measured by flow cytometry after incubation with
Cy3-labeled random control siRNA (sicon)-absorbed NP-GEM (NP-
GEM-Cy3-sicon) for different time intervals. As shown in Fig. 3A,
the fluorescence intensity of cells gradually increased with pro-
longed incubation time, indicating that more and more siRNA was
bound on to the cell membrane or delivered into cells by our
nanocarriers, at least in the first 6 h. To examine the intracellular
localization of siRNA, NP-GEM-sicon was labeled with FAM in green

fluorescence (NP-GEM-FAM-sicon), and the lysosomes in cells were
stained into red fluorescence. Panc1 cells treated with this conju-
gate were observed under a scanning confocal laser microscope. At
0.5 and 3 h, the membrane localization of most fluorescence signal
indicated that most NP-GEM-FAM-sicon were bound to the cell
membrane. With prolonged incubation time (6 h and 12 h), NP-
GEM-FAM-sicon fluorescence signal gradually shifted from the
cell membrane to the lysosomal compartment, as shown by an
apparent overlay of green and red fluorescence. After 24 h incu-
bation, payloads were released to the cytoplasm as shown by the
separation of the green and red fluorescence signals (Fig. 3B). We
selected GAPDH as a target gene to analyze the knockdown effi-
ciency in vitro. As shown in Fig. 3C, treatment with siRNA against
GAPDH (siGAPDH)-absorbed onto NP-GEM (NP-GEM-siGAPDH) led
to a significant knockdown (63%) of GAPDH protein in vitro, which
was slightly lower than that elicited by transfection with Lip-
ofectamine 2000 (77%).

For siRNA applications in vivo, an ideal carrier should protect
siRNA from nuclease degradation in the bloodstream, thus
extending the circulating time of siRNA. To compare the circulating
time of siRNA with or without delivery by our nanoformulations,
naked Cy3-sicon or NP-GEM-Cy3-sicon were injected (i.v.) into
mice. We quantified the fluorescent sicon circulating in the
bloodstream at different time intervals. The results show that there
was significantly more circulating sicon in the NP-GEM-Cy3-sicon
group than that in the Cy3-sicon group at almost every time
point. Compared to the Cy3-sicon group, an over 3.8-fold increase
in the circulating half-life of NP-GEM-Cy3-sicon group was
observed (13 vs. 63 min; Fig. 3D). In addition, the in vivo fluores-
cence images show that most of the naked Cy3-sicon was cleared
through the kidney, as indicated by the accumulation of fluorescent
siRNA in the bladder (Fig. S3). Meanwhile, NP-GEM-Cy3-sicon
mainly accumulated in the liver, likely due to uptake by the retic-
uloendothelial system (RES) (Fig. S3).

To assess organ distribution and tumor-penetration of siRNA to
established tumors, naked Cy3-sicon or NP-GEM-Cy3-sicon were
injected into mice bearing subcutaneous human pancreatic tumors
(Panc1 xenografts), followed by a quantitative evaluation of fluo-
rescent sicon distribution in organs at different time points. As
shown in Fig. 3E and F, more sicon accumulated in all the major
organs investigated in the NP-GEM-Cy3-sicon group than in the
Cy3-sicon group. This enhanced organ distribution is likely attrib-
uted to the longer circulation time of NP-GEM-Cy3-sicon. Consis-
tent with the in vivo results, the ex vivo organ fluorescence images
indicate that naked Cy3-sicon was preferentially distributed to or
metabolized in the kidney, while NP-GEM-Cy3-sicon accumulated
in the liver (Fig. 3E and F). In addition, there were small fractions of
NP-GEM-Cy3-sicon in the spleen, likely due to RES uptake, and the
lung, the first capillary bed following intravenous injection. Most
importantly, we found a clear increase in tumor-accumulation in
the NP-GEM-Cy3-sicon group compared to the Cy3-sicon group
(7.1% vs. 3.5% injected dose/gram tissue 2 h after injection) (Fig. 3E
and F). The enhanced fluorescence intensity of tumor tissue also
exhibits the better tumor targeting of NP-GEM-Cy3-sicon,
compared to naked Cy3-sicon (Fig. 3G). These results show that NP-
GEM-Cy3-sicon can preferentially accumulate in tumors after
intravenous injection. Finally, the results of immunoblotting of
tumor tissues and probing for GAPDH showed an over 70%
knockdown efficacy in the NP-GEM-siGAPDH group compared to
the NP-GEM-sicon group (Fig. 3H). All of these results indicate that
our nanoformulation is an effective siRNA carrier for tumoral gene
silencing in vivo.
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3.4. NP-GEM-sicon treatment elicits enhanced antitumor effects in
pancreatic cancer cells and xenografts with low hENT1 protein
expression

First, we employed a lentiviral system to create two stable Panc1
cell lines with hENT1-specfic shRNA expression (Panc1-shENT1%1
and Panc1-shENT1#2). Random shRNA was used as a negative
control (Pancl-shcon). Immunoblotting confirmed stable shRNA
expression in Panc1-shENT1#1 and Panc1-shENT1%2 cells (Fig. S4).
Next, the engineered cells with differing expression levels of hENT1
were treated with GEM or NP-GEM-sicon. As shown in Fig. 4A, after
48 h GEM treatment, there was a significant difference in apoptotic
cell rates between Panc1-shENT1#1 or Panc1-shENT1¥2 and the
control (15.2% or 15.8% vs. 23.7%). However, we did not detect such
a significant difference after NP-GEM-sicon treatment. Unlike GEM
treatment, NP-GEM-sicon treatment resulted in significant amount
of cell apoptosis in Panc1-shENT1#1 and Panc1-shENT1%2 cells. To
investigate whether the apoptosis rates result from differing effi-
ciencies of GEM delivery, we used high performance liquid

chromatography (HPLC) to analyze the triphosphate form of GEM,
dFdCTP in the cell lysates at different time intervals after 50 uM
GEM and NP-GEM-sicon treatments. As shown in Fig. 4B, there was
significantly less dFACTP in the cell lysates of Panc1-shENT1%#1 and
Panc1-shENT1%2 cells than that of Pancl-shcon cells after GEM
treatment. By contrast, the intracellular levels of dFACTP after NP-
GEM-sicon treatment in each group were similar (Fig. 4B). These
results suggest that hENT1'®Y is an obstacle attenuating GEM
accumulation in cells and the endocytic delivery NP-GEM-sicon
into cells can overcome the hENT1'°% caused blockage.

Since the confocal microscopy experiments (Fig. 3B) indicated
that NP-GEM-sicon enters cells via lysosome-dependent endocy-
tosis, we further investigated the endocytic pathways involved.
Panc1 cells were pretreated with ethylisopropylamiloride (EIPA, an
inhibitor of macropinocytosis), nystatin (an inhibitor for caveolae-
mediated endocytosis) or chlorpromazine (an inhibitor for
clathrin-mediated endocytosis), or incubated at 4 °C. The cells were
then incubated with NP-GEM-Cy3-sicon for 3 h, and the mean
fluorescence intensities of cells were measured using flow
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cytometry. The results of this experiment show that pretreatment
with EIPA or incubation at 4°C significantly decrease the mean
fluorescence intensity of cells treated by NP-GEM-Cy3-sicon, which
we did not observe in nystatin or chlorpromazine pretreated
groups (Fig. 4C). These results demonstrate that NP-GEM-sicon was
endocytosed into cells mainly via macropinocytosis.

We next tested whether our nanoformulations can enhance
GEM chemosensitivity in established human pancreatic cancer
xenografts with hENT1°Y in vivo. Mice bearing subcutaneous
Panc1-shENT1#1 and Pancl-shcon tumors were injected intrave-
nously with saline, GEM or NP-GEM-sicon once every 3 days for 20
days. Compared to saline, administration of GEM resulted in sup-
pression of tumor growth in Panc1-shcon xenografts. However, the
inhibitory effect of GEM on tumor growth was significantly weaker
in Panc1-shENT1¥1 xenografts than in Pancl-shcon xenografts
(Fig.4D). At day 20, treatment with GEM inhibited tumor growth by
50% in Pancl-shcon tumors and 31% in Panc1-shENT1¥1 tumors
(Fig. 4E and Fig. S5), and HPLC results in Fig. 4F showed the
significantly lower level of dFdCTP in Panc1-shENT1¥1 xenografts
as compared to Panc1-shcon xenografts. In contrast, NP-GEM-sicon
treatment achieved the similar tumor inhibitory effects and dFdCTP
levels of tumor lysates in both groups (Fig. 4E and F). These data
demonstrate that GEM delivery by NP-sicon can overcome the low
GEM chemosensitivity in cancer cells with hENT1'*Y in vivo.

3.5. Co-delivery of siRRM2 significantly enhances the antitumor
effects of NP-GEM-sicon in pancreatic cancer cells and xenografts
with RRM2"Eh

A stable RRM2-overexpression Panc1 cell line (Panc1-RRM2)
was generated using a lentiviral system (Fig. S6). The empty viral
vector was used as a negative control (Pancl-con). Next, we
measured the apoptosis frequencies of Panc1-con and Panc1-RRM2
cells after different drug formulation treatment. NP-siRRM2 treat-
ment alone did not induce significant apoptosis in either Panc1-con
or Panc1-RRM2 cells. Although NP-GEM-sicon treatment induced
about 27.6% apoptosis in Panc1-con cells, the apoptosis frequency
was significantly lower (12.4%) in Panc1-RRM2 cells treated with
NP-GEM-sicon (Fig. 5A). Importantly, NP-GEM-siRRM2 treatment
induced apoptosis in Panc1-RRM2 cells to a similar level as that in
Pancl-con cells (26.9% vs. 27.9%) (Fig. 5A). The immunoblotting
confirmed the decreased RRM2 protein levels after NP-siRRM2 and
NP-GEM-siRRM2 treatments (Fig. 5B).

We next evaluated the antitumor effects of NP-GEM-siRRM2 in
established cancer xenografts in vivo. Tumor growth curves show
that NP-sicon and NP-siRRM2 elicited no inhibition of tumor
growth in either Panc1-con or Panc1-RRM2 xenografts (Fig. 5C and
D). Tumor mass measurements did reveal different inhibitory ef-
fects of NP-GEM-sicon treatment in Pancl-con and Panc1-RRM2
xenografts (54% and 22%, respectively) (Fig. 5E). The inhibition in
Panc1-RRM2 xenografts treated with NP-GEM-siRRM2 nearly
matched that in Panc1-con cells (60% and 57%, respectively; Fig. 5E
and Fig. S7), and NP-GEM-siRRM2 treatment induced gene-silence
effect against RRM2 in Panc1-RRM2 xenografts (Fig. 5F). Together,
these in vitro and in vivo data indicate that the co-delivery of
siRRM2 along with GEM can overcome the low chemosensitivity
caused by excessive RRM2 protein expression.

3.6. Therapeutic benefits of NP-GEM-siRRM2 in different patient-
derived pancreatic cancer cells depend on the expression levels of
hENT1 and RRM2

Primary patient-derived cancer cells were used to study the
therapeutic effects of various nanoformulations. Six patient-
derived pancreatic cancer cell lines (PDPCs) were established and

the expression levels of hENT1 and RRM2 were estimated by
immunoblotting (Fig. 6A). We next detected the apoptosis rates of
the cultured PDPCs after GEM, NP-GEM-sicon or NP-GEM-siRRM2
treatment (Fig. 6B). Compared to GEM, NP-GEM-sicon induced
significantly higher apoptosis rates in all of 6 PDPCs. However, the
difference of antitumor efficacy between GEM and NP-GEM-sicon
was dramatically elevated in PDPCs with low hENT1 expression
(PDPC0019, PDPC0021 and PDPC0045) as compared to that in
PDPCs with high hENT1 expression (PDPC0001, PDPC0015 and
PDPC0043) (Fig. 6C). The HPLC results also revealed that compared
to PDPCs with high hENT1 expression, there were less dFdCTP in
cell lysate of PDPCs with low hENT1 expression after GEM treat-
ment, and the intracellular levels of dFACTP were similar in each
PDPC after NP-GEM-sicon treatment (Fig. 6D). In addition, due to
the different RRM2 expression level, the increased apoptosis rates
of NP-GEM-siRRM2, compared to NP-GEM-sicon, were significantly
higher in PDPC0001, PDPC0O015 and PDPC0043 than that in
PDPC0019, PDPC0021 and PDPC0045 (Fig. 6E). NP-GEM-siRRM2
treatment significantly decrease RRM2 expression in PDPC0001,
PDPC0015 and PDPC0043 (Fig. 6F). These data demonstrate that the
therapeutic benefits from NP-GEM-sicon and NP-GEM-siRRM2 in
different PDPCs were associated with the expression levels of
hENT1 and RRM2. NP-GEM-sicon and NP-GEM-siRRM2 can in-
crease the GEM chemosensitivity by overcoming the obstacle
caused by low hENT1 expression and high expression of RRM2,
respectively.

3.7. Toxicity evaluation of NP and NP-sicon

Next, we examined the cytotoxity in vitro and safety in vivo of
the nanocarrier itself with or without absorbed sicon. The results of
CCK-8 assays show that there was a slight cytotoxity 48 h after NP
treatment with concentrations greater than 75 pg/ml of the nano-
carrier (Fig. S8). The cytotoxity is probably due to the high surface
positive charge. Negative control siRNA (sicon)-absorbed NP (NP-
sicon), whose surface positive charge is shielded by sicon, exhibited
no obvious cytotoxity (Fig. S9). We observed no acute immuno-
logical reaction after NP or NP-sicon injection in vivo as evidenced
by a lack of induction of interferon « (IFN-a), tumor necrosis factor
o (TNF-a.), or interleukin 6 (IL-6) in the serum of BALB/C mice at 6 h
after tail vein injection (Fig. S9). Moreover, after administration of
NP or NP-sicon once every 3 days for 20 days, we did not observe
any deleterious effects on body weight in mice (Fig. SI0A), nor was
there any evidence of functional or histological signs of organ
toxicity (Figs. S10B and S10C). Collectively, these results are indic-
ative of an excellent safety profile of the nanocarrier for delivering
therapeutic agents in vivo.

4. Discussion

Several investigations, including the RTOG9704 trial and the
ESPAC-3 trial comprising 434 patients [33,34], have found a posi-
tive correlation between low expression levels of hENT-1 protein
and poor prognosis of post-operation pancreatic cancer patients
after GEM treatment. In this study, we detected the expression level
of hENT-1 in pancreatic cancer tissue microarray using a validated
mouse monoclonal antibody, which is reported to be superior to
the rabbit polyclonal antibody [35]. Our results are consistent with
these previous findings, further suggesting that hENT1 plays an
important role in GEM chemosensitivity. To overcome the low
chemosensitivity associated with a lack of hENT1, previous studies
synthesized CO-101 (also known as CP-4126), which consists of a
molecule of GEM and a molecule of elaidic acid linked by a covalent
ester bond [36,37]. The CO-101 enters cells independently of hENT1
because of the elaidic acid. However, in the following phase II
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expression of RRM2 in Panc1-RRM2 xenografts after different treatments. ""P <.01,

clinical trial, CO-101 did not exhibit better antitumor effects than
GEM, even in the subgroup of patients with low hENT1 expression
[38]. One possible reason is that the esterases in human plasma
may metabolize CO-101 to GEM before arriving at the tumor site.
Our use of a nanocarrier drug delivery strategy to specifically
deliver GEM would overcome the issue of plasma activation. In
contrast to CO-101 that enter cells via elaidic acid, the nanocarrier-
encapsulated GEM enters cells as “capsules” containing many GEM
molecules, contributing to the higher GEM concentration inside
tumor cells. The enhanced drug uptake by tumor cells may account
for the ability of the nanoformulations to evade low GEM chemo-
sensitivity because of low hENT1 expression.

A study comprising 95 patients showed that high expression of
RRM2 protein was positively associated with reduced RFS and OS
after adjutant chemotherapy [39]. On the contrary, another study

P<.001.

comprising 117 patients demonstrated that RRM2 protein expres-
sion was not predictive of survival from adjuvant GEM treatment
after resection [40]. The difference between these two studies is
that the former study evaluated RRM2 expression by only nuclear
staining, whereas the second study used both cytoplasmic and
nuclear staining. In our study, the expression levels of cytosolic
RRM2 protein were considered and statistically correlated with RFS
and OS. Moreover, some in vitro studies reported that RRM2 gene
silencing enhances the chemosensitivity of pancreatic cancer cells
to GEM [41,42]. Importantly, single treatment using siRNA or in-
hibitors against RRM2 has been an antitumor therapy in other, non-
pancreatic cancer tumors [43—45]. Our results demonstrate that
RRM2 silencing alone is insufficient to effectively induce apoptosis
of pancreatic cancer cells and inhibit tumor growth in vivo, though
RRM2 depletion can enhance the efficacy of GEM treatment in
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PDPC0015 and PDPC0043 after different treatments.

pancreatic cancer cells with RRM2"#", There were some contro-
versy reports about the key factors in the GEM chemosensitivity. In
our study, the tissue microarray of pathologically identified
pancreatic cancer patients was used to evaluate the expression
level of four factors in GEM chemosensitivity, and all patients have
been confirmed as RO resection. Tissue microarray has the superi-
ority of consistency compared with the traditional tissue section in
previous reports. In addition, the hENT1 antibody in this study was
mouse monoclonal antibody, which is reported to be more credible
than the rabbit polyclonal antibody in detecting hENT1 expression
[35]. In short, we confirmed that hENT1 and RRM2 expression
exhibited the important roles in the GEM chemosensitivity in the
patients from North China. More importantly, through design of a
simple liposome-based GEM and siRRM2 co-delivery system, the
GEM resistance due to low hENT1 or high RRM2 expression was
overcame effectively.

In this study, the clinical data did not show any relationship

between either dCK or RRM1 expression with survival. Previously,
two small-scale studies have shown that dCK protein expression
may be an important determinant for GEM chemosensitivity
[15,46]. There is a variety of studies that have focused on the role of
RRM1 in GEM chemosensitivity, but the results are controversal
[47—50]. More data is needed to determine the relationship be-
tween either dCK or RRM1 expression with GEM chemosensitivity.

Patient-derived tumor cells/xenografts are the most appropriate
models for evaluating antitumor drugs in more relevant scenarios
[51]. To predict which subpopulation of patients who may obtain
therapeutic benefits from our nano-drug formulations, several
primary PDPCs were employed in this study. Our data show that the
enhancement of antitumor effects of NP-GEM-sicon compared to
GEM was higher in PDPCs with hENT1!°" than that with hENT1"8h,
In addition, compared to NP-GEM-sicon, the benefit from NP-GEM-
siRRM2 also correlated with the expression level of RRM2. These
results highlight the importance of personalized applications in
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nanomedicine, and suggest that the expression levels of genes that
were targeted in the design of nano-drug formulations should be
evaluated before application.

5. Conclusion

In summary, we found that the essential factors of GEM che-
mosensitivity in pancreatic cancer patients in North China were the
expression levels of hENT1 and RRM2, and synthesized nano-drug
formulations can overcome these problems. Moreover, in a series of
patient-derived cancer cells, we demonstrated that the therapeutic
benefits of the nanomedicine formulations were associated with
the expression levels of hENT1 and RRMZ2. Tailored nano-
formulations that overcome the low GEM chemosensitivity provide
a new proof-of-concept for the precision and personalized appli-
cation of nanomedicine in the near future.
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