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Abstract

Pancreatic cancer is the fourth most prevalent cancer with about an 85% mortality rate; thus, an
utmost need exists to discover new therapeutic modalities that would enhance therapy outcomes of
this disease with minimal or no side effects. Ormeloxifene (ORM), a synthetic molecule, has
exhibited potent anti-cancer effects through inhibition of important oncogenic and proliferation
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signaling pathways. However, the anti-cancer efficacy of ORM can be further improved by
developing its nanoformulation, which will also offer tumor specific targeted delivery. Therefore,
we have developed a novel ORM encapsulated poly(lactic-co-glycolic acid) nanoparticle (NP)
formulation (PLGA-ORM NP). This formulation was characterized for particle size, chemical
composition, and drug loading efficiency, using various physico-chemical methods (TEM, FT-IR,
DSC, TGA, and HPLC). Because of its facile composition, this novel formulation is compatible
with antibody/aptamer conjugation to achieve tumor specific targeting. The particle size analysis
of this PLGA-ORM formulation (~ 100 nm) indicates that this formulation can preferentially
reach and accumulate in tumors by the Enhanced Permeability and Retention (EPR) effect.
Cellular uptake and internalization studies demonstrate that PLGA-ORM NPs escape lysosomal
degradation, providing efficient endosomal release to cytosol. PLGA-ORM NPs showed
remarkable anti-cancer potential in various pancreatic cancer cells (HPAF-I1, BXxPC-3, Panc-1,
MiaPaca) and a BXPC-3 xenograft mice model resulting in increased animal survival. PLGA-
ORM NPs suppressed pancreatic tumor growth via suppression of Akt phosphorylation and
expression of MUC1, HER2, PCNA, CK19 and CD31. This study suggests that the PLGA-ORM
formulation is highly efficient for the inhibition of pancreatic tumor growth and thus can be
valuable for the treatment of pancreatic cancer in the future.

1. Introduction

Pancreatic cancer is one of the most deadly malignancies in the United States [1, 2]. Despite
advances in the field of surgery, chemotherapy, and radiation therapy, the prognosis of
pancreatic cancer remains extremely poor with a 1- to 5-year overall survival rate of about
25% and 6%, respectively, which is the lowest among common malignancies [3]. None of
the current chemotherapy regimens provide more than one-year survival benefit.
Gemcitabine is the most commonly used chemotherapy for pancreatic cancer, which
improves overall survival rate by about 6.7 months. A recent FDA approved combination
treatment regimen of Abraxane® (a human serum-bound paclitaxel nanoparticle
formulation) with gemcitabine has only increased overall survival to 8.5 months. Therefore,
it is imperative to develop new chemotherapeutic approaches to further improve the clinical
outcome of pancreatic cancer patients. Many new drug(s) and drug combination based
therapeutic regimens have resulted in poor patient tolerance, drug’s low half-life, low
cellular uptake, and high systemic toxicity [4-7]. Such therapeutic options largely fail in
Phase Il or Phase Il trials and thus cause huge financial burdens. Thus, repurposing of drugs
that are already approved for human use for other indications seems to be a promising new
treatment option for cancer [8-10]. The advantages of such strategy are fewer restrictions by
FDA for clinical trials and the possibility of rapid translation to the clinic. A recent example
of drug repurposing is metformin (a drug for diabetes treatment), which has shown potent
cancer chemopreventive and chemotherapeutic activities [11-13]. Ormeloxifene (ORM), a
non-steroidal molecule which is widely used as an oral contraceptive in humans [14, 15],
can be repurposed for cancer treatment. This is a potent agent that has been widely shown to
act upon several important molecular targets in cancer [16]. ORM has shown greater
protective effects on Salmonella strains TA97a, TA98, TA100 and TA102 than Tamoxifen
[17]. Interestingly, ormeloxifene induces significant tumor growth inhibition in rat model
[17]. More importantly, a Phase Il clinical study in 70 female patients, achieved ~38.7%
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overall response rate with 6 months of ormeloxifene treatment [18]. Recent studies from our
lab and others suggest an anti-tumorigenic effect of ORM in various cancers, such as
ovarian, breast, head and neck, and chronic myeloid leukemia [18-24]. Its inhibitory activity
of highly tumorigenic and metastatic pancreatic cancer cells provides strong rationale to
implement this molecule for anti-cancer applications. Another reason for choosing this
molecule for cancer therapeutics is because it exhibits excellent therapeutic index with no
systemic toxicity at chronic administration [25]. All these studies indicate that ormeloxifene
is an excellent drug candidate for cancer treatment.

Pancreatic ductal adenocarcinoma exhibits several pathological features that lead to
disorganized, leaky and nonfunctional vasculature [26—28], dense stroma [29], and
deregulated cellular transport proteins [30]. This leads to ineffective drug delivery and drug
resistance by creating high interstitial fluid pressure [31], preventing the movement of
chemotherapy from the vasculature to the extracellular compartment. This complexity
suggests that an efficient delivery of ormeloxifene is highly desirable to effectively eradicate
pancreatic cancer cells. Delivery of drugs using nanocarrier(s) can easily pass the pores in
leaky endothelial cells ranging as low as 100 to 780 nm [32, 33] and result in clusters around
the neoplastic cells and prolonged drug release. Poly(lactide-co-glycolide) (PLGA) is an
FDA-approved biodegradable and biocompatible polymer employed for controlled drug
delivery applications including anti-cancer drug delivery [34, 35]. We, along with other labs,
have shown that using PLGA nanoparticles to deliver chemotherapeutic drugs results in
significant improvement in inhibition of tumor burden in a wide variety of cancer models
[36-38]. Therefore, in the present study, an ORM-loaded PLGA nanoparticle (PLGA-ORM
NP) formulation was prepared by co-precipitation technique and characterized by TEM,
FTIR, DSC, TGA, and HPLC for evaluating particle size, drug loading, and formulation
identification. The internalization and fate of PLGA-ORM NPs in pancreatic cancer cells
was observed by confocal microscopy. The anti-proliferative effect of PLGA-ORM NPs was
analyzed and compared with free ORM by MTS and clonogenic potential assays. We
observed the modulation of key oncogenic targets in pancreatic cancer cells by PLGA-ORM
NPs. Additionally, the PLGA-ORM NPs effectively inhibited pancreatic tumorigenesis in a
xenograft mouse model.

2. Materials and Methods

2.1. Chemicals and antibodies

PLGA copolymer (50:50 lactide—glycolide ratio; inherent viscosity 1.32 dL/g at 30°C) was
purchased from Birmingham Polymers (Pelham, AL). Propidium iodide (PI), MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt)], Phenylmethanesulfonyl fluoride (PMSF), fetal bovine serum, eukaryotic protease
inhibitor cocktail, and pyruvic acid were purchased from Sigma—Aldrich Co. (St. Louis,
MO) or Fisher Scientific (Pittsburgh, PA). All chemicals and reagents were used without
further purification. Mouse anti-human monoclonal antibodies to MUCL1 and rabbit anti-
human antibodies to HER2, Cytokeratin 19, p27, PTEN, Cyclin D1, p-Akt, Survivin, Bax,
and Caspase-3 were purchased from Cell Signaling Laboratory. The rabbit anti-human
antibody to CD31 was purchased from Abcam (Cambridge, MA). The anti-mouse 1gG HRP
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and rabbit 1gG HRP-linked secondary antibodies were procured from Promega (Madison,
WI1). The hematoxylin stain was purchased from Fisher Scientific and the Annexin V/FITC
apoptosis kit from Bio-Rad (Hercules, CA).

2.2 Cell culture, growth conditions, and treatment

Cell lines were grown in specific media (HyClone Laboratories, Inc., Grand Island, NY) that
is routinely used to culture them in our laboratory. HPAF-II cells were cultured in DMEM/
F12, BxPC-3 and AsPC-1 cells in RPMI 1640 and Panc-1 cells in DMEM medium.
Additionally, the medium was supplemented with 10% FCS, 100 U penicillin/100 pg
streptomycin per mL medium. Cells were grown in a CO, incubator (Thermocon Electron
Corporation, Houston, TX) at 37°C with 98% humidity and 5% CO, gas environment. Cells
grown in monolayer cultures were detached with trypsin (0.1%, w/v)/EDTA (1 mM)
solution. Cells were dispersed gently by pipetting in complete growth medium, and
centrifuged at 200 g for 5 min. Cells were dispersed in complete medium in culture flasks
and incubated in a CO, incubator. Cells grown in semi-confluent stage (~70% confluent)
were treated with PLGA NPs, PLGA-ORM NPs or free ORM while the untreated control
cultures received only the vehicle (ethanol <0.2%, v/v).

2.3. Synthesis of PLGA-ORM NPs

PLGA-ORM NPs were prepared by following a nano-precipitation technique [36, 37] with a
modified protocol. The stable PLGA-ORM NP suspension was obtained using polymer
stabilizers, poly(vinyl alcohol) (PVA) and poly(L-lysine) (PLL). Briefly, to 20 mL aqueous
1% PVA solution, 90 mg of PLGA and 20 mg ORM were dissolved in 8-10 mL acetone
that was added drop-wise using a 1 mL pipette over 10 min under constant stirring on a
magnetic stir plate at 500 rpm. This process leads to a milky-white suspension. This
suspension was left overnight at room temperature in the chemical fume hood under stirring
condition, allowing for complete evaporation of the acetone. Then, to this suspension, 10 mg
PLL in 5 mL water was added and stirred at 500 rpm for 6 h. The resulted PLGA-ORM NPs
in suspension were purified and recovered by ultracentrifugation at 20,000 rpm for 2 h at
4°C, three times, using a Rotor 30.50 on an Avanti J-301 Centrifuge (Beckman Coulter,
Fullerton, CA), followed by re-suspension in ultra-purified water and sonication on ice for 1
min (using a probe sonicator). Then the supernatant containing PLGA-ORM NPs was
transferred to a sterile cryo-vial, frozen at —80°C for 2 h, and immediately lyophilized for 2—
3 days using the Labconco Freeze Dry System (-48°C, 133 x 1073 mBar; Labconco, Kansas
City, MO). The lyophilized vials were stored in a 4°C cold room for further in vitroand in
vivo use. This formulation was named PLGA-ORM20. Similarly, PLGA-ORM formulations
with 5, 10, 15, and 25 mg ORM were prepared and termed as PLGA-ORMD5, PLGA-
ORM10, PLGA-ORM15, and PLGA-ORM25, respectively. Additionally, parent PLGA NPs
were also prepared without ORM that can serve as a control for all in vitro and in vivo
experiments. The PLGA-ORM 20 formulation was used for all in vitro and in vivo
experiments. In the results and discussion sections the PLGA-ORM 20 formulation was
designated as PLGA-ORM NPs.
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2.4. PLGA-ORM NPs characterization

2.5. Cellular

2.4.1. Particle size—PLGA-ORM NPs were characterized for the surface morphology
and size of particles using a JEOL-1210 transmission electron microscope (TEM) (JEOL
Ltd., Tokyo, Japan) operating at 60 kV. For this, 50 pL suspension of 1 mg/mL PLGA-ORM
NPs was carefully dispersed on 200 mesh formvar-coated copper TEM-grid (grid size: 97
pum) (Ted Pella, Inc., Redding, CA), followed by staining with 2% w/v of uranyl acetate
solution. The excess solution on the grid was removed by air drying. Then, particles on the
TEM-grid were imaged under TEM.

2.4.2. Drug loading—To determine ORM loading, freshly prepared PLGA-ORM NPs
were centrifuged three times at 20,000 rpm for 2 h at 4°C using an Avanti J-301 Centrifuge,
followed by re-suspension in ultra-purified water and sonication on ice for 1 min. The
supernatant was removed, the pellet was re-suspended, lyophilized, and ORM was extracted
from pellet for 2 days with 1 mL of acetonitrile. The concentration of ORM in the extract
was analyzed using an UltiMate high-performance liquid chromatography (HPLC) (Dionex
Corporation) equipped with an UltiMate 3000 injector, RS variable wavelength detector, and
an Acclaim polar advantage column of 3 um 120 A (4.6 x 150 mm). The mobile-phase
consisted of a mixture of 1% citric acid:acetonitrile (40:60, v/v). 50 uL of the extracted
samples was injected using an auto injector (Model 508, Beckman Instruments) and peaks
were analyzed using a UV detector at 279 nm [39]. A linear calibration curve in the range of
1 to 10 pug/mL was obtained at the same working condition to calculate ORM loading.

2.4.3. Fourier Transform infra-red—FT-IR spectra of PLGA-ORM NPs were obtained
using a Fourier Transform infra-red (FT-IR) microscope (Smiths Detection, Danbury, CT).
The spectra data, 4,000-750 cm™2, was acquired at a scanning speed of cm~2 for 32 scans by
placing lyophilized PLGA-ORM NPs powder on the attenuated total reflection objective.
The final data is reported as an average data of 32 scans.

2.4.4. Thermal analysis—Thermal analysis of PLGA-ORM NPs was carried out using a
differential scanning calorimetry (DSC) and thermo-gravimetric analyzer (TGA) to
investigate the physical status and thermal profile. Both DSC and TGA profiles were
accomplished on a Q50 TGA (TA Instruments, New Castle, DE) under dry nitrogen
atmosphere (a flow rate of 10 mL/min) from 25°C to 700°C at the heating rate of 10°C/min.

uptake

PLGA-ORM20 NP formulation was evaluated for cellular uptake and internalization. In
brief, 500 ug 6-coumarin in acetone was mixed with 90 mg of PLGA and 20 mg ORM in 8
mL acetone, and added drop-wise to 20 mL aqueous 1% PVA solution to obtain final 6-
coumarin labeled PLGA-ORM20 NPs. Dye (6-coumarin) labeling in PLGA-ORM20 NPs
was confirmed using fluorescence spectra and fluorescence microscope, before continuing
for internalization/uptake studies in cells. This formulation enabled us to detect green
fluorescence in cells to track/identify internalization/uptake of NPs in cells. The cellular fate
of PLGA-ORM20 NPs in HPAF-II cells was observed by using confocal microscopy. For
immunofluorescence experiment, HPAF-11 cells (1 x 105/well) were grown on 4-well
chamber glass slides and allowed to attach overnight prior to the addition of 6-coumarin

Biomaterials. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khan et al.

Page 6

loaded PLGA-ORM NPs or respective controls. Then, cells were washed twice with PBS,
fixed in 2% paraformaldehyde (50 pg) for 10 min and permeabilized with 0.1%TritonX-100
in PBS for 10 min. After a blocking step with 2% goat serum in PBS for 1 h, the cells were
incubated at 4°C for 1 h with 30 nM Mito Tracker Red or 50 nM Transferrin from Human
Serum, Texas Red® Conjugate or 75 nM LysoTrackerR Red DND-99 (Life Technologies)
to stain as a marker for mitochondria, endosome, and lysosome, respectively. Nuclei were
stained with DAPI (4’,6-diamidino-2-phenylindole, Life Technologies). Images were
acquired at 1024 pixel resolution and 600x magnification using a laser confocal microscope
(Nikon Corporation).

2.6. Cell proliferation assay

MTS growth inhibition method [40] was performed to assess cytotoxicity of PLGA-ORM
NPs and ORM. Pancreatic cancer cells (5.0 x 103/200 pL media/96-well culture plates) were
treated with different concentrations of PLGA-ORM NPs and ORM to determine their effect
on cell proliferation. Appropriate equivalent amounts of ethanol or PLGA in PBS were used
as controls. Each treatment condition was replicated six times. After incubation for 48 h,
MTS dye was added to the cells and incubated for 2 h at 37°C. Absorbance was measured at
490 nm. Cell growth as percent viability was calculated by comparing the absorbance of
treated versus untreated cells. The percentage of cell growth was calculated as the
percentage of the absorption of treated cells to the absorption of non-treated cells.

2.7. Clonogenic assay

Clonogenic assay or colony formation assay is an in vitro cell survival assay based on the
ability of a single cell to grow into a colony. Various pancreatic cancer cells treated with
indicated concentrations of PLGA-ORM NPs and ORM (5 x 10%/6 well culture plate) were
seeded in appropriate dilutions to form colonies for two weeks. Visible colonies (~50 cells)
were manually counted as discussed earlier [41]. The results are presented as percentage of
colonies as compared to the vehicle control (ethanol/PLGA NPs).

2.8. Western blotting

Whole-cell lysates from cells were prepared as described earlier [42]. The protein from
tumor tissues was isolated by first homogenizing 40-70 mg tissue in Tissue Extraction
reagent-1 (Life Technologies) followed by centrifugation at 12000 g for 10 min. The
supernatant was collected and stored for protein estimation as determined by Bradford assay,
resolved on SDS-PAGE, and immunoblotted as described earlier [39].

2.9. Anti-tumor efficacy

Six-week-old female athymic nude (nu/nu) mice were purchased from Charles River
Laboratories International, Inc. (Wilmington, MA), and maintained in a pathogen-free
environment. To establish BXPC-3 tumor xenografts, BXxPC-3 cells (5 x 10°) were dispersed
in 100 pL PBS/Matrigel matrix and subcutaneously inoculated into the mice at the right
flank. Additionally, 3x 10% BxPC-3 cells were injected intraperitoneally to achieve tumor
metastasis. On day 15, the mice were treated with vehicle (PLGA) or PLGA-ORM NPs (200
ug), via intraperitoneal (ip) injections, thrice a week, for six subsequent weeks. Mice were
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weighed twice a week to monitor their health and tumor growth. Tumor volume (V) was
estimated from the length (1), width (w), and height (h) of the tumor using the formula V =
¥ 0.52(1 x w % h), as described previously [43]. Mice were euthanized 45 days after the first
drug injection, and tumor burden (wet weight) and metastases were recorded. The organs,
including pancreas, were harvested and checked for metastases. Primary analyses involved
planned comparisons (separately for each time point) between control PLGA vs. PLGA-
ORM 20 NPs. Animal care was performed in accordance with institutional guidelines and
the Institutional Animal Care and Use Committee (IACUC) approved the protocols used.

2.10. Immunohistochemistry

To further characterize the cellular expression of various proteins in the xenograft tumor
tissue slides from PLGA and PLGA-ORM 20 treated mice, we used heat-induced antigen
retrieval immunohistochemistry technique with the Biocare kit (Biocare Medical, Concord,
CA) [44]. Briefly, slides containing the tumor tissues were deparaffinized, rehydrated,
treated with 0.3% hydrogen peroxide or peroxidazed solution (Biocare Medical) and
processed for antigen retrieval using heat-induced technique. After blocking nonspecific
binding with background sniper (Biocare Medical), the tissues were incubated with specific
antibodies at recommended concentrations. For the final detection of protein using
chromogenic dyes 3,3’-diaminobenzidine (DAB), the samples were processed using a
MACH 4 Universal HRP Polymer detection kit (Biocare Medical) according to
manufacturer’s instructions and developed using DAB (DAB substrate kit, Vector
Laboratories, Burlingame, CA). The slides were visualized through a bright field
microscope.

2.11. Statistical analysis

The data are presented as means + S.E.M. of several independent experiments. The p-values
<0.05 were considered statistically significant. All statistical analyses were performed using
the Statistical Package for the Social Sciences, version 11.5 (SPSS Inc., Chicago, IL).

3. Results

The main aim of this study was to improve the anti-cancer activity of ORM using a
nanoparticle formulation (Figure 1A), and to examine its efficacy in human pancreatic
cancer cell line and xenograft mouse models. The motive to make an ORM nanoformulation
is that NPs are known to preferentially reach and accumulate in tumor tissue(s) due to leaky
vasculature by the Enhanced Permeation and Retention (EPR) effect [45, 46]. Abraxane® is
an example of a NP which harnesses the EPR effect and has been widely used in the clinic
for the treatment of various types of cancers, including pancreatic cancer. Abraxane’s
effectiveness confirms that nanodrug formulation(s) may have superior outcome over
traditional chemotherapy in clinical oncology. Therefore, we have generated a PLGA-based
ORM nanoparticle formulation, PLGA-ORM NPs. The selection of the PLGA NP-based
formulation to deliver ORM is due to the fact that the PLGA co-polymer has shown
promising results in in vitro, in vivo animal, pre-clinical, and human studies (for example,
BIND-014, a docetaxel PLGA NP formulation). Based on these facts, we have engineered
an optimized PLGA-ORM NP formulation, composed of a PLGA core that is subsequently
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coated with poly(vinyl alcohol) (PVA) and poly(I-lysine) (PLL) for efficient delivery and
targeting of ORM to cancer cells. This formulation (Figure 1A), has several unique
properties: (a) the PLGA core is capable of loading and releasing ORM in a sustained
manner, and more importantly, it was approved by US Food and Drug Administration, (b)
PVA, a widely used stabilizer for most of the polymer NP formulation(s), supports stability
of the formulation over 6 month(s) and avoids non-specific adsorption of human serum
proteins in in vivo condition, (c) PLL promotes cellular internalization and is less toxic
compared to other polycationic polymers, and (d) amine functional groups on NPs (PLL) are
useful for antibody conjugation through a PEG-linker, notably the N-hydroxysuccinimide
(NHS) group, for targeting tumor/cancer cells. Therefore, we used this formulation for ORM
delivery to human pancreatic cancer cells and tumors in a BxPC-3 xenograft mouse model.

3.1. Characterization of PLGA-ORM NPs

PLGA and PLGA-ORM NP formulations (PLGA-ORMS5, PLGA-ORM10, PLGA-ORM15,
PLGA-ORM20, and PLGA-ORM25) were successfully prepared by increasing amounts of
ORM in the composition (0 to 25 mg). Drug loading was assessed by HPLC method that
indicated all the nanoformulations resulted in ORM encapsulation (> 80-90% encapsulation
efficiency). All formulations exhibit homogeneous spherical shapes and smooth surfaces
without cracks (Fig 1B). The mean particle size of PLGA or PLGA-ORM NPs was found to
be 30.8 + 1.5 nm (PLGA NPs), 68.4 + 1.5 nm (PLGA-ORMS5), 70.8 + 4.5 nm (PLGA-
ORM10), 87.3 £ 1.5 nm (PLGA-ORM15), 101.4 £ 1.5 nm (PLGA-ORM20), and 175.2 +
1.5 nm (PLGA-ORM25) (Fig. 1C). The size of PLGA-ORM NP formulations was mostly
between 50 nm to 250 nm and was narrowly distributed in each formulation. It was noticed
that the formulation particle size increased when drug loading used for the particle
preparation increased. However, all these formulations were small enough in size and
suitable for tumor specific accumulation via the EPR effect [47].

To confirm the ORM existence in PLGA-ORM NP formulations, FT-IR, DSC, and TGA
studies were conducted (Fig. 2). In the FT-IR spectrum of PLGA NPs (Fig. 2A, navy blue
line), intense peaks were found at 1741 cm-1, 1181 cm-1, and 1010 cm™1 due to C=0
stretching of ester, C-O stretching of ester, and glycosidic (C—O—-C/C-C/C-0) stretch
vibrations. Because ORM has similar major functional groups in its structures (Fig 2A,
black line), after encapsulation no additional peaks appeared in the FT-IR spectra of PLGA-
ORM NPs (Fig. 2A, red to magenta lines, upwards). On the other hand, additional peaks
were not attained in FT-IR after ORM encapsulation due to a higher degree of miscibility of
ORM in the PLGA polymer matrix [48]. Yet, the bands produced by the PLGA polymer
matrix may have masked ORM. This behavior was further confirmed with DSC analysis
(Fig. 2B). DSC curves of pure PLGA NP formulation exhibit an endothermic peak at ~79°C
(Fig. 2B, black line), indicative of the glass transition temperature of the formulation. Due
to incorporation of ORM in the PLGA-ORM formulations, an exothermic peak appeared at
~58°C (Fig. 2B, red to magenta lines, downwards). Because of its superior blending of
PLGA NPs and ORM in the PLGA-ORM NP formulations, PLGA glass transition peak
disappeared or lowered the PLGA glass transition temperature. This indicates that ORM in
nanoformulations is highly miscible. On the other hand, it appears that there is a significant
reduction of crystallinity of the formulation. The presence of ORM in nanoformulations was
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further confirmed by TGA (Fig. 2C). The significant weight loss of PLGA NPs begins at
250°C to 580°C (Fig. 2C, black line). This behavior is further accelerated due to the
presence of ORM in PLGA-ORM nanoformulations (Fig. 2C, red to magenta lines).
Weight loss of approximately 55% and 80% for PLGA NP formulations and 74% and 95%
for PLGA-ORM NP formulations was observed at 350°C and 550°C, respectively. The
greater weight loss is attributed to the presence of ORM in the nanoformulations.

3.2. Cellular uptake of PLGA-ORM NPs

Higher drug loading is an important index for a better drug delivery system. This is
especially true for anti-cancer therapeutic drugs. The PLGA-ORM NPs were co-loaded with
6-coumarin (green fluorescence) to investigate the cellular uptake by confocal microscopy.
As shown in Fig. 3, the coumarin-6-loaded PLGA-ORM NPs efficiently internalized and
occupied different pockets of cell organelles within the HPAF-11 cells. It was observed that
coumarin-6-loaded PLGA-ORM NPs showed efficient cellular uptake (Fig. 3), indicated by
high cytosolic staining and strong co-localization to the mitochondrial marker, mitotracker.
Moreover, less co-localization of the NPs with early endosome and late endosome/lysosome
markers indicate their escape from lysosomal degradation. Therefore, the results indicate
that PLGA-ORM NPs are localized in the order of: mitochondria (Fig. 3, C4) > endosome
(Fig. 3, A4) > lysosome (Fig. 3, B4). Therefore, higher accumulation of PLGA-ORM NPs
was observed in cytosol (green color, A2, B2, C2 in Fig. 3) followed by mitochondria (Fig.
3, C4). This indicates that PLGA-ORM NPs are able to escape from late endosome and
lysosome compartments and reach into the cytosol/mitochondria [49, 50] for efficient
functioning rather than undergoing a lysosome recycling process. The specific reason for
this phenomenon is that the anionic PLGA-ORM NPs convert to cationic in the acidic endo-
lysosomal compartment, which leads the PLGA-ORM NPs to interact with the endo-
lysosomal membrane and escape into the cytosol [51]. These results recognize PLGA-ORM
NPs as effective drug delivery agents and prompted us to study their anti-cancer effects.

3.3. PLGA-ORM NPs inhibit proliferation and clonogenicity of pancreatic cancer cells

The cytotoxicity of PLGA-ORM NPs was evaluated in pancreatic cancer cell lines HPAF-II,
BXPC-3, AsPC-1, Panc-1, and MiaPaca. PLGA-ORM NPs treatment inhibited the
proliferation of pancreatic cancer cell lines in a dose dependent manner and with greater
intensity as compared to free ORM (Fig. 4A). Further, both PLGA-ORM NPs and ORM
treatment inhibited the clonogenic potential of pancreatic cancer cells as evident by the
decreased number of colonies after treatment (Fig. 4B). This indicates that after
incorporating ORM in the formulation, its anti-cancer activity is preserved.

3.4. PLGA-ORM NPs inhibit p-Akt and the downstream key proteins involved in pancreatic
carcinogenesis

The Akt pathway is a potent survival signal in pancreatic cancer, as phosphorylation of Akt
can facilitate cell survival and inactivate pro-apoptotic proteins [52]. Therefore, we sought
to determine the effect of PLGA-ORM NPs and ORM treatments at 20 uM on the inhibition
of Akt activation. Western blot analysis confirms that PLGA-ORM NPs treatment
significantly decreases the phosphorylation of Akt levels compared to ORM (Fig. 5).
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Interestingly, these treatments increased the levels of the phosphatase and tensin homologue
deleted on chromosome ten (PTEN), which is a natural biological inhibitor of Akt in the
PI13K-Akt pathway [52] (Fig. 5). Additionally, we observed a modulatory effect of treatment
on the expression of two downstream cell cycle regulators, cyclin D1 and p27 [53] (Fig. 5).
PLGA-ORM NP and ORM treatments both led to a two- or three-fold induction of cyclin
D1 expression. Significant upregulation of p27KiP1 expression by the treatment indicates
that cells are inhibited from starting DNA synthesis [53, 54]. Akt represents a key signaling
component in cell survival by activating downstream apoptotic proteins [55-57]. Upon
treatment with PLGA-ORM NPs or ORM, pro-apoptotic protein Bax levels were increased
while pro-survival protein survivin levels were decreased (Fig. 5). All these events favor
induction of apoptosis, which was further confirmed by drastic activation of caspase-3 upon
PLGA-ORM NPs and ORM treatments (Fig. 5) [42, 58]. This indicates that the PLGA-
ORM NP formulation retains its biological activity and potency of ORM in order to mediate
the anti-cancer effects.

3.5. PLGA-ORM NPs effectively inhibit pancreatic tumorigenesis in xenograft mice model

After evaluation of the retained potency and anti-cancer effects of the nanoparticle
formulation of ORM in vitro, we validated its therapeutic relevance in a pancreatic cancer
xenograft mice model. We used a subcutaneous (for solid tumor model) and intraperitoneal
(for metastatic model) pre-clinical murine xenograft model generated with BxPC-3 cells.
Intraperitoneal (i.p.) administration of PLGA-ORM NPs inhibited overall tumor burden as
compared to control group that received PLGA alone (Fig. 6A). When compared to the
control mice, mice treated with PLGA-ORM NPs (p <0.05) showed a marked reduction in
tumor weight (Fig. 6B) and tumor volume (Fig. 6C). Additionally, in the intraperitoneal
model, tumors barely developed in the PLGA-ORM NP treated group. Upon further
examination, we also found that there were very few metastases in the mice treated with
PLGA-ORM NPs as compared to control (Fig. 6D, Table 1). Further, treatments of PLGA-
ORM NPs also led to increased mice survival up to 60% (Fig. 6E). These data further
confirm that PLGA-ORM NP treatment alone and along with gemcitabine could be an
effective therapeutic modality for pancreatic cancer.

3.6. PLGA-ORM NP treatment alters expressions of proteins in xenograft tumors

To elucidate the putative mechanism of the anti-tumorigenic effects of PLGA-ORM NPs in
mice, we analyzed the tumor tissues for changes in key oncogenic proteins that are known to
be upregulated during pancreatic carcinogenesis, such as tumor associated mucin, MUC1
[41, 59]. The Western blot analysis of the total protein lysates isolated from tumor tissues
indicated that the protein expression levels of MUCL1 decreased in the mice treated with
PLGA-ORM NPs (Fig. 6F). Additionally, the PLGA-ORM NPs treated tumors had
decreased expression of HER2/neu oncogene that is often overexpressed in human
pancreatic cancer specimens compared to normal pancreatic tissue [60] (Fig. 6F). Similar
results were found on analysis of formalin fixed paraffin embedded (FFPE) tissue sections
through tumor histopathology and immunohistochemical (IHC) analyses that showed less
staining of MUC1 and HER2/neu, indicative of their low expression (Fig. 7A). We observed
a clear inhibition of CD31 expression in tumor tissues from mice treated with PLGA-ORM
NPs through Western blotting (Fig. 6F).
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The stained tissues showed that the microvessel density (CD31 expression) in PLGA-ORM
NPs treated tumors was much less than with control treatments. Further, the tissues from
control groups had larger sized vessels as compared to the ones treated with PLGA-ORM
NPs (Fig. 7B). These results suggest that PLGA-ORM NPs may have an anti-angiogenesis
function as observed in this animal model. Additionally, in accordance with the in vitro
results, the PLGA-ORM NPs treated tumor tissues were stained for less p-Akt expression,
which further confirmed the involvement of the p-Akt pathway in PLGA-ORM NPs induced
pancreatic tumor growth inhibition (Fig. 6F). Moreover, PLGA-ORM NPs also inhibited the
expression of proliferating cell nuclear antigen (PCNA) and cytokeratin 19 (duct epithelial
marker) (Fig. 7B) that are found in a vast majority of pancreatic adenocarcinomas [61],
indicative of a decrease in proliferation of pancreatic cancer cells.

4. Discussion

Pancreatic cancer has continued to carry a dismal prognosis while other cancers have shown
significant improvements in overall survival during the past several decades [62].
Understandings of PDAC genetics and biology [63—65] have led to the development of
current therapeutic strategies, but their application has failed to improve clinical outcomes of
pancreatic cancer patients [66—68]. One of the main reasons for this is insufficient drug
accumulation at the tumor site of the pancreas, a relatively small organ tucked away in a
corner of the digestive tract with high desmoplasia. Furthermore, repetitive use of such
potent anti-cancer drugs not only induces significant systemic toxicity but also chemo-
resistance. Therefore, the challenge is to identify a molecule with a higher therapeutic index,
low systemic toxicity, and that can tackle major oncogenic signaling pathways operating in
pancreatic tumors. Ormeloxifene is a synthetic molecule that is widely used as an oral
contraceptive in humans, and exhibits potent anti-cancer activity by targeting the key
underlying oncogenic molecular mechanisms [18-25]. Hence, our aim of this study was to
enhance ORM delivery at the tumor site for improved therapeutic effects/index for
pancreatic cancer treatment. To this end, we have developed an efficient PLGA NP (PLGA-
ORM NP) based delivery system, to enhance the anti-cancer efficiency of ORM at the tumor
site.

In the present study, an optimized PLGA-ORM20 NP formulation was made with an
average particle size of 101.4 £ 1.5 nm (Fig. 1) with 84.96 + 4.75% drug-loading capacity.
The release profile of ORM from PLGA-ORM 20 is presented in Figure S1 (Supplementary
Information 1). The release of ORM is relatively rapid at 1-6 h and thereafter the release
pattern is gradual and sustained. This formulation provides good suspension while
maintaining long-term stability, up to 6 months. From the results of FT-IR, DSC, and TGA
(Fig. 2), it is evident that PLGA, PVA, and PLL polymers form undefined structure in
PLGA-ORM NPs, which allow for the controlled release in cancer cells. We observed that
PLGA-ORM NPs delivered a higher payload of ORM in pancreatic cancer cells (Fig. 3),
which was correlated with increased cytotoxicity in pancreatic cancer cells (Fig. 4).

Elucidating the internalization mechanisms could provide crucial insights into engineering
novel cancer therapeutics yielding more potent and selective nanoformulations. The uptake
and internalization of PLGA-ORM NPs follow an endocytotic pathway, which is consistent
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with most of the conventional nanoformulations [69]. It was observed that PLGA-ORM NPs
are able to escape from late endosome and lysosome compartments and reach into the
cytosol/mitochondria (Fig. 3). This is evident from the residence of PLGA-ORM NPs in
cytosol compartments and the release of loaded drug molecules in active form, causing
superior activity. The subsequent intracellular trafficking studies were based on inferences
from in vitro biological assays.

In this study the PLGA-ORM NPs demonstrated enhanced anti-cancer effects over free
ORM against a panel of five pancreatic cancer cell lines in proliferation and clonogenic
potential assays (Fig. 4). Additionally, our investigation also suggests that the PLGA-ORM
NPs target Akt phosphorylation regulating the downstream associated proteins (cyclin D1,
p27, Bax, survivin, and caspase-3) and induces pancreatic cancer cell death (Fig. 5). These
results were consistent with the in vivo findings of a xenograft mouse model, confirming the
role of Akt signaling in the PLGA-ORM NPs induced anti-cancer effects (Fig. 6). Inhibition
of Akt phosphorylation has been shown to sensitize these cells to the apoptotic effect of
chemotherapy [70-72]. Loss of PTEN protein is an important event and has been observed
to be inversely correlated with Akt phosphorylation [73]. The increased PTEN expression in
pancreatic cancer cells on PLGA-ORM NP treatment suggests that PLGA-ORM NPs
induced an increase in PTEN expression that leads to the inhibition of Akt phosphorylation.
Additionally, PLGA-ORM NPs treatment efficiently altered the expression profiles of key
associated proteins in pancreatic xenograft tumors to efficaciously decrease pancreatic
tumor growth in mice (Fig. 6). Interestingly, this included the downregulation of important
proteins, MUCL1 and HER2, which have a major role in pancreatic cancer development and
progression (Fig. 6 and 7). MUCL1 is associated with cellular transformation and
tumorigenicity and is considered to be an important tumor-associated antigen (TAA) for
cancer therapy [59]. Furthermore, HER2 is also involved in increasing pancreatic tumor
growth and aggressiveness [41] and is largely associated with poor prognosis. Other
important observations include the decreased CD31 expression and microvessel density in
the PLGA-ORM NPs treated mouse tumors that suggest inhibition of tumor vascularization
leading to efficient drug internalization in tumors (Fig. 6 and 8). Additionally, the reduced
staining of the proliferating cell nuclear antigen (PCNA) and cytokeratin-19 in pancreatic
tumors clearly indicates that PLGA-ORM NPs inhibit the proliferation of pancreatic tumor
cells. Altogether, these results signify that PLGA-ORM NPs are capable of delivering ORM
efficiently to the tumor cells to control the key oncogenes driving oncogenic signaling
pathways, such as MUC1, HER2, and p-Akt, as well as biological events, which can play a
vital role in pancreatic cancer therapeutics (Fig. 6 and 7).

From a clinical translational point of view, achieving the highest drug loading is more
favorable to improve pharmacokinetic profiles. Therefore, we have engineered an optimized
PLGA-ORM20 NP formulation with higher loading capacity. The higher drug loading not
only minimizes (i) processing, (ii) overall raw materials, and (iii) non-active ingredients for
generating the formulation, but delivers an equivalent dose of ORM efficiently. Overall, in
this proof-of-concept study, we have demonstrated that the PLGA-ORM20 NP formulation
is highly suitable to deliver ORM more efficiently at the tumor site to induce superior anti-
cancer activity (Fig 8). To further improve its targeted delivery to pancreatic cancer cells/
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tumors, we are in the process of developing a mucin-targeted PLGA-ORM NP formulation
by conjugating with an anti-MUC1 MADb and/or anti-MUC13 MADb. These targeted NPs can
be used both for therapy and diagnostic (theranostic) applications for pancreatic cancer.

5. Conclusion

Nanoparticle based drug delivery technologies provide a successful therapeutic platform for
targeted cancer therapeutics. In this study, we have developed an optimized PLGA-ORM
NP formulation for efficient delivery of ORM to pancreatic cancer. Our findings
demonstrate that PLGA-ORM NPs have superior dose-dependent, anti-proliferative, and
clonogenic effects on human pancreatic cancer cell lines compared to free ormeloxifene.
These particles efficiently escape from endosome/lysosome and accumulate in cytosol to
induce such improved anti-cancer activity in cancer cells. In vitro studies suggest that
PLGA-ORM NPs significantly inhibit p-Akt and the downstream key proteins involved in
pancreatic cancer progression. Further, PLGA-ORM NPs are able to reach the tumors
through EPR, resulting in reduction of tumor growth and metastatic lesions in a mouse
model. Additionally, PLGA-ORM NPs treated tumors demonstrated downregulation of key
oncogenic proteins that are known to be involved in pancreatic cancer development and
progression. Altogether, these results indicated that the PLGA-ORM NPs may have great
potential for pancreatic cancer treatment.
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Figure 1. Preparation of PLGA-ORM NP formulations
(A). Schematic showing ORM encapsulation in PLGA-based NPs (PLGA-ORM NPs)

prepared using a nano-precipitation technique. (B). Representative TEM images of PLGA
and PLGA-ORM NPs. Scale bars on TEM images equal 200 nm. (C). Evaluation of
nanoparticle size from TEM images using ImageJ software. Data represents an average of at
least 20 particles in two different fields of view in TEM images.
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Figure 2. Characterization of PLGA-ORM NP formulations

Temperature (°C)

(A). FT-IR spectra of ORM, PLGA NPs and PLGA-ORM NP formulations. (B). DSC

endothermic curves of PLGA and PLGA-ORM NP nanofor

mulations. (C).

Thermogravimetric weight loss curves of PLGA and PLGA-ORM NP nanoformulations.
Note: All these characterization suggest ORM incorporation in the PLGA-ORM NP

formulation.
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Figure 3. Fate and subcellular localization of 6-coumarin labelled PLGA-ORM 20
nanoformulation
HPAF-II PanCa cells (1 x 10%/well) were exposed to 50 pg 6-coumarin labelled PLGA-

ORM 20 NPs for 6 hrs, cells were washed twice with PBS, fixed in 2% paraformaldehyde
for 10 min, and permeabilized with 0.1% TritonX-100 in PBS for 10 min. For co-
localization evaluation, CellLight® Late Endosomes-RFP, LysoTracker Red, and Mito
Tracker Red, were used to stain as a marker for endosome, lysosome, and mitochondria,
respectively. DAPI was used to stain nuclei. Green color represents uptake of 6-coumarin
labelled PLGA-ORM 20 formulation and purple color indicates co-localization of 6-
coumarin labelled PLGA-ORM 20 NPs in endosome/lysosome/mitochondria. (Original
Magnifications 600x)
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Figure 4. ORM and PLGA-ORM NPs inhibit proliferation and colonogenicity of PanCa cells
(A). Effect of ORM and PLGA-ORM NPs on cell growth. PanCa cells (5 x 103/well in 96-

well plate) were treated with 0-40 pM ORM or PLGA-ORM 20 formulation or respective
control for 48 h. The proliferation of cells was assessed by MTS assay. Data is shown as
percentage with respect to un-treated cells. (B). Colonogenicity assay was performed for the
ability of cells to form colonies (percent inhibition) following 0-10 uM ORM or PLGA-
ORM 20 treatment for 2 weeks. Cells were photographed and counted using an imaging
system. Bars represent mean + SD; n=3; *p<0.05
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Figure 5. PLGA-ORM NPs inhibit p-AKT and the downstream key proteins associated with
pancreatic carcinogenesis

HPAF-1I and BxPC-3 PanCa cells were treated with 20 uyM ORM or PLGA-ORM 20 or
their respective controls, for 48 h, and the cell lysates were collected and immunoblotted for
p-Akt, PTEN, cyclin D1, p27, Bax, survivin, caspase-3, and 3-actin (loading control). The
results were consistent in two independent sets of experiments.
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Figure 6. PLGA-ORM NPs inhibit tumor growth and metastases in pancreatic tumor xenograft
mice model

Tumor bearing (BxPC-3 human pancreatic xenograft) mice were generated by subcutaneous
(5 x 109 cells/animal) and intraperitoneal injection of BXPC-3 cells (3 x 106 cells/animal).
The mice were randomly distributed and treated with intraperitoneal injection of PLGA-
ORM 20 formulation (equivalent of 200 ug ORM/mouse) or its equivalent PLGA NPs. (A).
Photographs representing control PLGA and PLGA-ORM 20 treated mice. Note: Control
PLGA treated mice showed large tumors with visible metastatic lesions (represented with
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black arrows) while PLGA-ORM 20 treated mice did not show any visible metastatic
lesions. (B—C). Average tumor weight and tumor volume of PLGA and PLGA-ORM 20
treated mice. (D). Effect of PLGA-ORM 20 formulation on the number of metastases
formed. Bars represent mean + SD; *p<0.05. (E). Animal survival curve. Note: Two animals
in PLGA-ORM group were died because of bladder puncture not because of cancer or
PLGA-ORM NPs treatment. (F). Immunoblot analysis of dissected tumors.
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Figure 7. PLGA-ORM NPs significantly inhibit key oncogenic signaling events associated with
pancreatic cancer progression

Representative photomicrographs of immunohistochemistry (IHC) analysis of xenograft
tumor tissues. Paraffin embedded tumor xenografts were sectioned and
immunohistochemically stained for (A) MUC1, HERZ2, and (B) PCNA, CK19, and CD31.
The results showed reduced staining of tissues for these proteins in PLGA-ORM 20 treated
mice as compared to PLGA control group. (Original Magnifications 600x)
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Schematic representation of EPR effect of PLGA-ORM NPs in pancreatic cancer mouse

tumor(s) and possible biological implications. Improved molecular and therapeutic effects of
PLGA-ORM NPs achieved in pancreatic cancer mouse model due to significant
accumulation of PLGA-ORM NPs and sustained release of ormeloxifene from NPs at the

tumor site.
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