International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

Nanoparticle delivery of an AKT/PDKI
inhibitor improves the therapeutic effect
in pancreatic cancer

Armando Lucero-Acufa'
Justin | Jeffery?

Edward R Abril**
Raymond B Nagle3*
Roberto Guzman'

Mark D Pagel**%¢
Emmanuelle | Meuillet37#

'Department of Chemical and
Environmental Engineering, University
of Arizona, 2Department of Biomedical
Engineering, University of Arizona,
*University of Arizona Cancer

Center, ‘Department of Pathology,
University of Arizona, *Department

of Chemistry and Biochemistry,
University of Arizona, ‘Department of

Medical Imaging, University of Arizona,

'Department of Molecular and

Cell Biology, University of Arizona,
8Department of Nutritional Sciences,
University of Arizona, Tucson, AZ, USA

Correspondence: Emmanuelle | Meuillet
Department of Nutritional Sciences,
University of Arizona, PO Box 210038,
Tucson, AZ 85721-0038, USA

Tel +1 520 626 5794

Fax +1 520 621 9446

Email emeuillet@azcc.arizona.edu

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

3 December 2014
Number of times this article has been viewed

Abstract: The K-ras mutation in pancreatic cancer can inhibit drug delivery and increase drug
resistance. This is exemplified by the therapeutic effect of PH-427, a small molecule inhibitor
of AKT/PDK1, which has shown a good therapeutic effect against a BxPC3 pancreatic cancer
model that has K-ras, but has a poor therapeutic effect against a MiaPaCa-2 pancreatic cancer
model with mutant K-ras. To increase the therapeutic effect of PH-427 against the MiaPaCa-2
pancreatic cancer model with mutant K-ras, we encapsulated PH-427 into poly(lactic-co-glycolic
acid) nanoparticles (PNP) to form drug-loaded PH-427-PNP. PH-427 showed a biphasic release
from PH-427-PNP over 30 days during studies in sodium phosphate buffer, and in vitro stud-
ies revealed that the PNP was rapidly internalized into MiaPaCa-2 tumor cells, suggesting that
PNP can improve PH-427 delivery into cells harboring mutant K-ras. In vivo studies of an
orthotopic MiaPaCa-2 pancreatic cancer model showed reduced tumor load with PH-427-PNP
as compared with treatment using PH-427 alone or with no treatment. Ex vivo studies confirmed
the in vivo results, suggesting that PNP can improve drug delivery to pancreatic cancer harbor-
ing mutant K-ras.
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Introduction
Drug delivery is a particularly confounding problem in the treatment of pancreatic
cancer (PCA)."* This type of cancer can form an extensive desmoplasia caused by
tumor-stroma interactions, resulting in a dense extracellular matrix surrounding the
tumor that contributes to inefficient drug delivery. The K-ras gene mutation is a com-
mon molecular biomarker of PCA that promotes tumor-stroma interactions and desmo-
plasia.* Mutant K-ras upregulates Hedgehog signaling, RAC1, and STAT3, that can
each stimulate the formation of fibroinflammatory stroma.’>”” Mutant K-ras potentiates
the effects of inhibition of transforming growth factor-beta (TGF-B) or INK4 m/ARF
deficiency, that each lead to formation of an extensive extracellular matrix.®° Mutant
K-ras is correlated with the recruitment of myeloid cells to the stroma, and the appear-
ance of lipidic deposits at the tumor-stroma interface.'®!! Therefore, drug delivery to
pancreatic tumors harboring the K-ras mutation may be particularly challenging.
Our previous research exemplifies the difficulty in treating PCA that has a K-ras
mutation. We have developed PH-427 as a novel inhibitor of AKT/PDK1!%!3 that is
activated in PCA.'"'> When PH-427 prevents activation of AKT at the plasma mem-
brane, AKT cannot initiate an important cell survival signaling pathway, leading to
death of pancreatic tumor cells. We have previously shown that PH-427 is highly
efficient in treating a BxPC3 xenograft model that has wild-type K-ras, but is poorly
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efficient in a MiaPaCa-2 subcutaneous xenograft model
with mutant K-ras.'>!3 These previous results suggest that
PCAs with mutant K-ras require a higher dose or longer drug
exposure to PH-427 to overcome the protective stromal layer
surrounding the pancreatic tumor. Therefore, methods that
improve drug delivery or retention may potentially improve
treatment of PCA with mutant K-ras.

Greater drug delivery may be especially required to treat
PCA harboring the K-ras mutation, because a hallmark of
the K-ras mutation in PCA is enhanced drug resistance.'*"?
For example, our in vitro studies have shown that PH-427
inhibits AKT activity at low UM concentrations in BxPC3
PCA cell lines, whereas MiaPaCa-2 PCA cell lines were more
resistant to PH-427 with half maximal inhibitory concentra-
tions (IC, values) above 100 uM.'>"* In addition, PH-427
is a hydrophobic drug that is insoluble in aqueous medium.
This property obviates intravenous injection of PH-427, and
therefore the drug can only be delivered via intraperitoneal
injection. However, intravenous injection can often provide
faster drug delivery to a tumor, and can also result in a greater
amount of drug delivered to the tumor. Therefore, methods
to improve delivery of PH-427 to PCA harboring the K-ras
mutation would seem to be required for effective therapy.

Polymeric nanoparticles have the potential to success-
fully address problems related to drug delivery and reten-
tion. Approved by the US Food and Drug Administration,
poly(lactic-co-glycolic acid) (PLGA) is a polymer used
in a host of therapeutic applications, and is arguably one
of the most successfully used biodegradable polymers in
nanomedicine.” PLGA undergoes hydrolysis in the body
to produce monomeric lactic acid and glycolic acid, which
are further biodegraded to carbon dioxide and water.?!-?
PLGA nanoparticles have been prepared by several meth-
ods, including solvent emulsion-evaporation,?'* solvent
emulsification-diffusion,?*? and nanoprecipitation,?*’ which
provides several routes for loading drugs based on the drug’s
physicochemical properties. These properties may be tuned
to improve the average nanoparticle size, size distribution,
drug loading capacity, and drug release rate for specific drug
delivery applications. Furthermore, the hydrophilicity of
PLGA can be used to mask the hydrophobicity of PH-427,
thereby allowing drug delivery via intravenous injection.

We hypothesized that encapsulating PH-427 into PLGA
nanoparticles (PNP) to form PH-427-PNP would improve
the delivery and therapeutic effect of this treatment in a PCA
tumor model of MiaPaCa-2 harboring mutant K-ras. We
performed a drug release study over a period of 50 days to
evaluate the stability of PH-427-PNP. We also investigated

the cytotoxic effects of PH-427-PNP compared with the drug
alone in in vitro studies with BXxPC3 and MiaPaCa-2 PCA
cell lines. Finally, we conducted in vivo imaging studies with
an orthotopic MiaPaCa-2 tumor model, followed by ex vivo
studies to complement the imaging results, to evaluate the
potential improvement offered by PH-427-PNP relative to
PH-427 alone. Together, these studies represent a useful mul-
tidisciplinary approach for investigating improvements in the
treatment of PCA with a PNP-encapsulated chemotherapy.

Materials and methods

Materials

Rhodamine-6G, poly(vinyl alcohol) with an average molecu-
lar weight of about 31,000 amu and 86.7%—88.7 mol%
hydrolysis, and PLGA with 50:50 carboxyl-terminated end
groups, a molecular weight of 7,000-17,000 amu, and an
inherent viscosity of 0.16—0.24 dL/g were obtained from a
commercial vendor (Sigma-Aldrich Inc., Milwaukee, WI,
USA). Dichloromethane was purchased from another com-
mercial vendor (Fisher Scientific Inc., Fair Lawn, NJ, USA).
PH-427 was synthesized as previously described.'?

Preparation of PLGA nanoparticles
PH-427-PNP and Rhodamine-6G in PNP (Rhodamine-PNP)
were prepared with PLGA using a single emulsification
method followed by solvent evaporation (Figure 1).21-23
Briefly, 50 mg of PLGA and 2.5 mg of PH-427 or 2.5 mg of
Rhodamine-6G were dissolved in 5 mL of dichloromethane.
Next, 10 mL of aqueous 5% poly(vinyl alcohol) was added
to the organic phase. The mixture was emulsified in an
ice bath with an X1L.2020 ultrasonicator (Misonix Inc.,
Farmingdale, NY, USA) operating at 55 W power output
for 1 minute. The organic solvent was removed with a
rotary evaporator operated at 38°C and low agitation veloc-
ity for 1 hour. Next, a 10-minute centrifugation cycle at
850 rcf was employed to remove agglomerations, using an
IEC Centra-4B centrifuge (International Equipment Inc.,
Nashville, TN, USA). The solution was washed by three
centrifugation cycles at 4,900 rcf for 50 minutes. During the
first two centrifugation cycles, the supernatant was removed
and PH-427-PNP or Rhodamine-PNP was resuspended in
10 mL of distilled water. On the final centrifugation cycle,
the nanoparticles were resuspended in 0.3 mL of 10 mM
sodium phosphate buffer with a pH of 7.4.

Characterization of nanoparticles
Nanoparticle sizes were measured with a Zetasizer Nano
ZEN3600 particle size analyzer (Malvern Instruments,
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Figure | Schematic of the procedure for creating PLGA polymeric nanoparticles loaded with the PH-427 chemotherapeutic agent (PH-427-PNP). Emulsification

in dichloromethane and water was facilitated by sonication, followed by solvent evaporation and purification using centrifugation.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); PVA, poly(vinyl alcohol); PNP, PLGA polymeric nanoparticles.

Westborough, MA, USA). The refraction index used in the
experiments was 1.33 and water was used as the dispersant.
The average of ten measurements was used for each size analy-
sis. The morphological characteristics of PH-427-PNP were
observed using an S-4800 field emission scanning electron
microscope (Hitachi Corporation, Tokyo, Japan). The samples
were prepared by immobilization onto carbon-coated 400-
mesh copper grids (Ted Pella Inc., Redding, CA, USA).

The encapsulation efficiency was determined as the mass
ratio of entrapped PH-427 in PNP to the theoretical maximum
loading, which was taken to be the point where all the supplied
PH-427 was encapsulated in the PNP.? The solution contain-
ing the PH-427-PNP was centrifuged and the supernatant
removed. Next, the PH-427-PNP in the solid residue after
centrifugation was dissolved in 1 M sodium hydroxide, and
hydrochloric acid was used to equilibrate the pH of the solution
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at 7.4. The drug content was analyzed by spectrophotometry
with absorbance at 270 nm using a UV-1800 spectrophotom-
eter (Shimadzu Corporation Ltd., Kyoto, Japan). The drug
loading was determined as the mass ratio of drug entrapped
in the PNP to the mass of PH-427-PNP recovered.”’

Drug release studies

The release rate of drug from PH-427-PNP was determined
using dialysis under sink conditions.?*3%3! PH-427-PNP
dispersed in 2.5 mL of 10 mM sodium phosphate buf-
fer at pH 7.4 was placed into a dialysis membrane with a
12,000-14,000 molecular weight cut-off (Spectrum Labo-
ratories Inc., Rancho Dominguez, CA, USA), and incubated
in 30 mL of 10 mM sodium phosphate buffer at pH 7.4 and
37°C. At time intervals ranging from 0 to 50 days, | mL
samples was withdrawn from the incubation medium and
analyzed for content of PH-427 by spectrophotometry with
absorbance at 270 nm using a UV-1800 spectrophotometer.
Each volume withdrawn was replenished with 1 mL of
10 mM sodium phosphate buffer at pH 7.4.

Cell culture

Human BxPC3 and MiaPaCa-2 PCA cells were obtained
from a qualified source (American Type Culture Collection,
Rockville, MD, USA). Cells were maintained in bulk culture
in Roswell Park Memorial Institute 1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum, 4.5 g/L
glucose, 100 U/mL penicillin, and 100 pg/mL streptomycin
in a 5% carbon dioxide atmosphere. Cells were passaged
using 0.25% trypsin and 0.02% ethylenediamine tetraacetic
acid. Cells were confirmed to be mycoplasma-free with an
enzyme-linked immunosorbent assay kit (Roche-Boehringer
Mannheim, Indianapolis, IN, USA). MiaPaCa-2 PCA cells
were transgenetically modified to carry the luciferase gene
(MiaPaCa-2-LucE cells) by the Experimental Mouse Shared
Service of the University of Arizona Cancer Center, and were
maintained as described above. To develop this cell line, the
MiaPaCa-2 cells were transfected with a luciferase plasmid
and a stable clone was selected.” This cell line was grown
for 12 weeks in culture and luminescence was validated every
2 weeks to ensure that the cell line was stably transfected.

Fluorescence microscopy

Sterile coverslips were placed into 6-well plates and seeded
with MiaPaCa-2 cells at 1,000 cells/well in the presence of
complete medium. Cells were stained by adding Rhodamine-
6G-loaded PNP to the wells for 1 hour and 24 hours.
Rhodamine-6G was selected for this study because previous

reports demonstrated that PNP labeled with this fluorophore
cause cell staining throughout the cytosol that facilitates inter-
pretation, and the staining can be attributed to Rhodamine-6G
within the PNP and not due to free fluorophore.**** Coverslips
were then washed in sodium phosphate buffer, air-dried,
mounted using ProLong® Gold Antifade Reagent with
diamidino-2-phenylindole (DAPI; Invitrogen, Grand Island,
NY, USA), and stored at 4°C. Cells were visualized using
excitation and emission wavelengths of 460 nm and 540 nm,
respectively, at 40X using an Olympus Bx-50 microscope
equipped with an LCD camera (Olympus Corporation,
Central Valley, PA, USA).

Cell viability assays

A standard 96-well microcytoxicity assay was performed
as previously described.'>"® Wells were seeded with 4,000
BxPC3 or MiaPaCa-2 cells for drug studies lasting 1 or
5 days, and with 2,000 cells for the drug study lasting 7 days.
PH-427 or PH-427-PNP were added directly to the medium at
various concentrations ranging from 1 to 150 uM. After the
single treatment, the percentages of cell survival were deter-
mined by spectrophotometric determination of the reduction
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) each day for 7 consecutive days. Dimethylsul-
foxide was used as the solvent for dissolution of the PH-427
drug, because this drug is too hydrophobic for dissolution in
aqueous medium. An equivalent amount of dimethylsulfox-
ide was tested with a separate set of cells to ensure that cell
viability was not affected by this solvent.

In vivo animal studies

and bioluminescence imaging

All animal procedures took place at the Experimental Mouse
Shared Service and the Cancer Imaging Shared Service of
the University of Arizona Cancer Center. These procedures
were in accordance with institutional guidelines and with
approval from the Institutional Animal Care and Use Com-
mittee of the University of Arizona. Housing and care of the
animals was provided by the Animal Resource Center of the
Arizona Health Sciences Center. Nine female severe com-
bined immunodeficient mice aged 4—5 weeks were utilized to
create an orthotopic xenograft model of PCA. This model was
developed by exposing the pancreas via a single abdominal
incision using sterile surgical technique, directly injecting
approximately one million cells into the exposed pancreas,
and suturing the incision. The nine mice were injected with
MiaPaCa-2-LucE cells for bioluminescence imaging (BLI)
studies. The average weight of each mouse at the beginning
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of the experiments was 16 g. Mice were scanned with BLI
prior to treatment to confirm the presence of viable pancre-
atic tumors. PH-427-PNP treatments at 10 mg/kg of PH-427
were injected intravenously into four mice, and PH-427 at
10 mg/kg was injected intraperitoneally into two mice, once
per week for 4 weeks. The remaining three mice were not
treated. PH-427 was injected intraperitoneally because this
drug is too hydrophobic to be administered intravenously.
Mice were then monitored with BLI at the end of treatment.
At the end of the study, the mice were sacrificed, sections
of the pancreatic tumor(s) were paraffin-embedded, and the
number, size, and location of metastases were recorded.
Bioluminescence images were acquired using an
AMI1000 scanner (Spectral Instruments Imaging Inc.,
Tucson, AZ, USA) and AMIView software for acquisition
and analysis.** All scans were acquired with a 30-second
exposure time, 8-fold binning, a 1.2 f/stop, and a 25 cm
field of view. All mice were injected intraperitoneally with
100 mg/kg firefly luciferin 10 minutes before image acquisi-
tion. Four minutes after injection, the mice were anesthetized
with 4% isoflurane gas at 1 L/minute oxygen flow and seda-
tion was maintained during imaging with 1.5% isoflurane gas
at 0.5 L/min oxygen flow. Mice were oriented in a supine
position in the scanner. Regions of interest were carefully
placed around all bioluminescent signals while minimizing
the inclusion of scatter signal. Radiance units were used for
relative comparison of the sum of photons between scans.

Immunohistochemistry

Tissues were harvested, fixed in 10% neutral buffered forma-
lin for 24 hours, processed, and embedded in paraffin. Rou-
tine hematoxylin and eosin stains were performed on sections
of tissue cut with a width of 3 microns from the formalin-
fixed, paraffin-embedded blocks. Immunohistochemistry of
total AKT was performed using rabbit monoclonal antibodies
(#46858; Cell Signaling Technology, Danvers, MA, USA),
with human prostate cancer tissues used as the positive tissue
control. Immunochemistry of Ki67 was performed with a
rabbit polyclonal antibody (#NCL-Ki67p; Leica Biosystems
GmbH, Nussloch, Germany), using human tonsil tissue as a
positive control. Immunohistochemistry of HMGA?2 was per-
formed using a rabbit polyclonal antibody (#5269S; Cell Sig-
naling Technology), using human colon tissue as a positive
control. Tissue sections were stained with a Discovery XT
Automated Immunostainer (Ventana Medical Systems Inc.,
Tucson, AZ, USA; VMSI) using Ventana Medical Systems
Inc.-validated reagents for deparaffinization, cell conditioning
via antigen retrieval with a borate-ethylenediamine tetraacetic

acid buffer, primary antibody staining, detection and ampli-
fication using a biotinylated-streptavidin-horseradish per-
oxidase and diaminobenzidine system, and hematoxylin
counterstaining. Following staining with the instrument, the
slides were dehydrated through graded alcohols to xylene
and coverslipped with mounting medium.

Images were captured using a BX50 microscope equipped
with a DP72 camera and CellSens® imaging software
(Olympus Corporation). All images were standardized for
light intensity and white balance. Microphotographs were
taken with a 40x objective for all treatment groups stained
with the following stained with antibodies directed against
total AKT, HMGAZ2, phosphor-S6, and Ki-67. An experi-
enced clinical pathologist performed the immunohistochem-
istry analyses. Potentially inflammatory cells and other
reactive background cells were excluded from the analysis.
Analysis of Ki-67 was expressed as percent proliferation,
while total AKT and HMGA?2 were scored using pathology
long scores. A long score (LS) is calculated by multiply-
ing the staining intensity ranging from 1+ to 4+ (I) by the
percentage of positively stained cells ranging from 1% to
100% (P), with the formula: LS = P X I. The LS minimum
and maximum were 1 and 300, respectively.

The mean and standard deviation of dynamic light scatter-
ing measurements was determined using the software for the
Zetasizer Nano ZEN3600 particle size analyzer. The means
and standard deviations of IC, values, in vivo biolumines-
cence imaging results, and ex vivo immunohistochemistry
results were determined with Excel version 14.4.1 (Microsoft
Corporation, Redmond, WA, USA). Statistically significant
differences between measurements were determined using
the Student’s #-test with Excel version 14.4.1.

Results
Preparation and release studies

of polymeric PLGA nanoparticles
The PNP was synthesized with 1% w/w PH-427 following a
single nanoemulsion method to create PH-427-PNP, result-
ing in an 18.8% encapsulation efficiency (Figure 1). Both
PNP had a smooth surface as depicted by scanning electron
microscopy (Figure 2A). Dynamic light scattering spectra
confirmed the average diameter of PNP to be 165+2.2 nm
with a polydispersity index of 0.063+0.001, while the average
diameter of PH-427-PNP was 27440.9 nm with a polydis-
persity index of 0.39+0.027 (Figure 2B).

The release curve of PH-427 from the PH-427-PNP at
37°C showed that 26.2% of the drug was released within
1 day, followed by slow release of an additional 13.5% of
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Notes: (A) Scanning electron microscopy images show a smooth surface for PLGA polymeric nanoparticles and drug-loaded PH-427-PNP. (B) Dynamic light scattering
spectra of PNP and PH-427-PNP were used to determine the average diameter and polydispersity index of each nanoparticle, based on an average of ten measurements.
(C) Experimental release of PH-427 from the PNP was performed in phosphate-buffered saline at pH 7.4 and 37°C, and then fit to a model that evaluates initial burst and

slow relaxation of drug release.

Abbreviation: PLGA, poly(lactic-co-glycolic acid); PNP, poly(lactic-co-glycolic acid) polymeric nanoparticles.

drug by day 7, followed by a moderate drug release of an
additional 47.1% by day 30; finally, the remaining 13.2% of
drug was released by 50 days (Figure 2C). The release curve
showed biphasic behavior relating to a relatively rapid initial
release followed by a moderately slow second release stage
due to particle relaxation or polymer degradation.

In vitro studies
Using fluorescence microscopy, MiaPaCa-2 cells treated
with Rhodamine-PNP demonstrated cellular uptake of PNP
within 1 hour, as demonstrated by Rhodamine fluorescence
surrounding and within the cell nuclei that was localized
with DAPI fluorescence (Figure 3). Cells retained fluores-
cence after 24 hours of incubation with Rhodamine-PNP.
These results demonstrated the cellular uptake of the PNP,
and suggested that an intracellular environment surrounded
the PNP during the in vitro studies, which differed from
the purely aqueous environment used to test the release of
PH-427 during chemical solution studies.

PCA cell viabilities following treatment with PH-427 or
PH-427-PNP were evaluated with BxPC3 and MiaPaCa-2

PCA cell lines (Figure 4A and B). PH-427 caused greater
cytotoxicity in BXPC3 PCA with wild-type K-ras relative
to MiaPaCa-2 PCA with mutant K-ras (Figure 4A and B),
which agreed with our previous results.'>"* The average IC,
value for PH-427 against BxPC3 and MiaPaCa-2 PCA was
46.512.5 uM and 93.812.7 uM, respectively, with a statisti-
cally significant difference (P<<0.001).

To initially compare the therapeutic efficacy of PH-427-
PNP relative to PH-427, we assumed that the biphasic release
effect is identical in solution and in vitro. Our assumption
was based on attributing the rapid initial “burst” of the
biphasic release to drug adsorbed onto the surface of the
nanoparticles, which may be similar in solution and in vitro.*
Therefore, we used the released concentration of PH-427
measured each day in solution to evaluate the therapeutic
efficacy in vitro (Figure 4C and D). These results showed
that encapsulating PH-427 in PNP improved the therapeutic
efficacy acting against MiaPaCa-2 PCA (Figure 4B versus
Figure 4D; P<<0.01), and had the same therapeutic efficacy
acting against BxPC3 PCA (Figure 4A versus Figure 4C;
P>0.05), relative to treatment with PH-427 alone.
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Figure 3 Fluorescence images show that Rhodamine-PNP were internalized in MiaPaCa-2 pancreatic cancer cells following | hour and 24 hours of treatment of the cells.
Cells were visualized by detecting a 4,6-diamidino-2-phenylindole (DAPI) stain (top), and Rhodamine-labeled PNP were visualized by detecting Rhodamine (bottom).

Abbreviation: PNP, poly(lactic-co-glycolic acid) polymeric nanoparticles.

We then investigated an alternative assumption that the
PH-427-PNP rapidly delivered its entire contents to the
cytosol soon after cell internalization. We used the total
concentration of PH-427 in the PNP that was added to the
cell samples to evaluate the therapeutic efficacy in vitro
(Figure 4E and F). These results showed that encapsulating
PH-427 in the PNP did not improve the therapeutic efficacy
against MiaPaCa-2 PCA (Figure 4B versus Figure 4F;
P>0.05), and inclusion of PNP reduced the therapeutic effi-
cacy acting against BxPC3 PCA (Figure 4A versus Figure 4E;
P<0.01). Our assumption of rapid intracellular drug release
was based on rapid degradation by enzymes and an acidic
environment that PH-427-PNP may experience during endo-
cytosis or pinocytosis, which may accelerate the release of all
of the PH-427 from the PNP.*’ In addition, the in vitro studies
of MiaPaCa-2 PCA cells treated with PH-427-PNP did not
show consistently greater cytotoxicity between days 1 and 7
(Figure 4D), which did not match the consistent release of an
additional 13.5% of PH-427 from the PNP between days 1
and 7 (Figure 4C), suggesting that the biphasic release effect
was not present during in vitro studies.

In vivo studies
We evaluated the antitumor effects of PH-427 and PH-
427-PNP in a MiaPaCa-2-LucE orthotopic PCA model

using BLI (Figures 5 and 6). The amplitude of the BLI
signal is a semiquantitative indication of the pancreatic
tumor load. These imaging results were confirmed by
ex vivo necropsy analysis (Figure 6). Control mice with
no treatment showed high average BLI signal amplitude
from the pancreas, indicating a high pancreatic tumor load.
Treatment with PH-427 also showed high average BLI
signal amplitude, indicating that the drug had no effect on
pancreatic tumor load. This result matched our previous
studies with PH-427 in the treatment of the orthotopic
tumor model of MiaPaCa-2 without the luciferase gene.'
Treatment with PH-427-PNP showed low average BLI
signal amplitude, indicating low tumor load and a signifi-
cant therapeutic effect by the drug-loaded nanoparticles
in this tumor model (P<<0.001). The standard deviations
represented by error bars in Figure SB were approximately
10% for each group. This indicated that the BLI study was
performed with high fidelity, which is critical for interpret-
ing results from this semiquantitative imaging technique.
No change in body weight was observed after treatment
with PH-427 alone or with PH-427-PNP, and there were
no visual signs of toxicity upon gross examination after
each treatment. This evidence indicates that PH-427 and
PH-427-PNP were not toxic at the dose levels administered
during these studies.
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Figure 4 Relative in vitro cell survival following drug treatments.
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Notes: (A, B) BxPC3 and MiaPaCa-2 cell lines were treated once with PH-427 alone, and then evaluated with a methylthiazole tetrazolium (MTT) assay each day for
7 consecutive days. The results showed a lower therapeutic response for MiaPaCa-2 cells than for BxPC3 cells (P<<0.001). (C, D) BxPC3 and MiaPaCa-2 cell lines were
treated once with PNP loaded with the PH-427 chemotherapeutic agent (PH-427-PNP). The concentration of PH-427 was assumed to be the concentration recorded
following the biphasic release effect. The percent cell survival was measured daily with a standard MTT microcytotoxicity assay for 7 consecutive days. These results showed
that encapsulating PH-427 in the PNP improved the therapeutic efficacy in MiaPaCa-2 pancreatic cancer (B versus D; P<<0.01), and had the same therapeutic efficacy against
BxPC3 pancreatic cancer (A versus C; P>0.05), relative to treatment with PH-427 alone. (E, F) Results for C and D were re-evaluated by assuming that the concentration
of PH-427 was the total concentration of drug in the PNP that was added to the cell system. Encapsulating PH-427 in the PNP did not improve therapeutic efficacy against
MiaPaCa-2 pancreatic cancer (B versus F; P>0.05), and inclusion of PNP reduced the therapeutic efficacy against BxPC3 pancreatic cancer (A versus E; P<<0.01). The error

bars in each graph represent the standard deviation of each measurement (n=4).
Abbreviation: PNP, poly(lactic-co-glycolic acid) polymeric nanoparticles.

Ex vivo studies

At the end of the study, the mice were sacrificed, their pan-
creatic tumors were excised, tumor volumes were measured,
and metastases to the liver were counted. Following treat-
ment with PH-427-PNP, pancreatic tumor volumes were

significantly lower as compared with control or treatment
with PH-427 alone (Figure 5C). These results agreed with
the BLI study (Figure 5B).

Metastatic tumor lesions were identified in all PH-427-
treated mice and in two of the three control mice that did not
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Figure 5 In vivo BLI following drug treatment.

Notes: (A) Bioluminescence images at 7 weeks after initiating treatment showed high average BLI signal amplitude for control mice and mice treated with PH-427, while low
average BLI signal amplitude was observed in mice treated with PNP loaded with the PH-427 chemotherapeutic agent (PH-427-PNP). The average BLI signal and number of
metastases to the liver determined from ex vivo assessments are shown below each image. (B) A quantitative comparison of average BLI signal amplitudes between the control
group, the PH-427-treated group, and the PH-427-PNP-treated group. The differences between the PH-427-PNP-treated group and the other groups were statistically significant
(P<<0.001). (C) Ex vivo pancreatic tumor volumes were measured using calipers. The error bars in each graph represent the standard deviation of each measurement.
Abbreviations: BLI, bioluminescence imaging; Mets, metastases; PNP, poly(lactic-co-glycolic acid) polymeric nanoparticles.
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Figure 6 (A) In vivo inhibition of tumor proliferation and AKT. Representative staining is shown for H&E, Ki-67, tAKT, and high-mobility group AT-hook 2 (HMGA?2) of
control, PH-427-treated, and PH-427-PNP-treated mice (PH-427-PNP, PNP loaded with the PH-427 chemotherapeutic agent). (B) Long scores for HMGAZ2 staining for
control, PH-427, and PH-427-PNP. The values are the means and the error bars are the standard errors (n=2). All images were acquired with 40x magnification.
Abbreviations: H&E, hematoxylin and eosin; PNP, poly(lactic-co-glycolic acid) polymeric nanoparticles; tAKT, total AKT.

receive treatment, but no liver tumor metastases were identi-
fied in any mice treated with PH-427-PNP. These results were
qualitatively correlated with the tumor loads assessed with
BLI, providing more evidence that PH-427-PNP improves
the therapeutic effect on pancreatic tumor load that indirectly
results in reduced metastases. In addition, PNP are known to
passively accumulate in liver tissues, so that PH-427-PNP
may also directly affect the early-stage metastases in liver
tissue.*® Therefore, the combination of BLI and assessments
of metastatic liver lesions shows that the PNP drug nanocar-
rier provided multiple therapeutic benefits.

Immunohistochemistry was performed with these pan-
creatic tumors using the antibody biomarker Ki-67. Analysis
of the treatment groups stained with the tissue proliferation
marker Ki-67 demonstrated that the proliferative index was
significantly lower for the PH-427-PNP treatment group than
for the PH-427 treatment group, and both of these groups
had a lower proliferative index than the control group. More
specifically, the proliferative indices were 45%, 50%, and
95% for the PH-427-PNP, PH-427, and control groups,
respectively. This decrease in tumor proliferation is strongly
indicative of a reduction in tumor regeneration by these
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treatments, and validated an improved therapeutic effect
with PH-427-PNP.

Treatment with PH-427-PNP was verified to cause
direct target inhibition and downstream target inhibition
as evidenced by immunohistochemistry. Staining for total
AKT showed a decrease in both staining intensity and num-
ber of stained cells for the groups treated with PH-427 and
PH-427-PNP compared with the control. LS for total AKT
staining control, PH-427 treatment, and PH-427-PNP treat-
ment groups were calculated at 102+34.2 (standard error
[SE], n=4), 82.5+17.5 (SE, n=2), and 70£10 (SE, n=3),
respectively. Of particular interest, we also stained for
HMGAZ2, a driver of metastasis.*®** Analyses of the stained
tissues demonstrated a reduction in HMGA?2 staining in the
PH-427-PNP treatment group as compared with PH-427
alone or control (Figure 6B).

Discussion

Our current in vitro and in vivo studies with PH-427 alone
confirmed our previous results for the therapeutic efficacy
of this drug.'* The BXxPC3 cell line and the tumor xenograft
model are sensitive to PH-427 while the MiaPaCa-2 cell
line and xenograft model are resistant to PH-427. We have
attributed this difference between BxPC3 and MiaPaCa-2
PCAs s to the difference in their K-ras status, based on exten-
sive evidence for the role of mutant K-ras in PCA, PCA
drug resistance, and our previous work regarding profiling
of the tumor types responsive or resistant to PH-427."
These results drove our interest in investigating PNP as a
method for improving PH-427 efficacy against PCA with
mutant K-ras.

Our in vitro studies with PH-427-PNP were interpreted
with and without the biphasic release effect observed in solu-
tion. These two interpretations emphasize that the physico-
chemical properties of a drug-loaded PNP must be evaluated
in solution to facilitate an understanding of drug release, and
yet the cellular environment and cell uptake mechanisms
must also be considered during in vitro studies. Most impor-
tantly, the combination of these interpretations showed that
PH-427-PNP either improved the therapeutic effect or was
not detrimental to the treatment of MiaPaCa-2 PCa, and
either reduced the therapeutic effect or was not detrimental
to the treatment of BXPC3 PCA. Therefore, these results
demonstrate that drug delivery with PNP may be beneficial
when treating drug-resistant PCA with mutant K-ras, but may
not be beneficial for PCA with wild-type K-ras.

The in vivo and ex vivo results also demonstrated that
PNP provides benefit when treating PCA harboring mutant

K-ras that can inhibit drug delivery. These studies tested
only two to four mice in each treatment group (Figure 5).
Even with a limited number of mice, a statistically significant
difference in tumor load was detected with bioluminescence
between the group of mice treated with PH-427-PNP rela-
tive to the PH-427-treated and PH-427-nontreated groups of
mice. Future studies should include PNP without drug as an
additional control study to ensure that the therapeutic effect
is attributed to the delivered drug.

The in vivo results demonstrated that PH-427-PNP could
be delivered intravenously, while delivery of PH-427 was
limited to intraperitoneal delivery. This additional benefit of
masking the hydrophobicity of PH-427 with the hydrophilic
PLGA polymer may contribute to the improved therapeutic
effect of PH-427-PNP relative to the drug alone. Therefore,
these results add to the evidence that intravenous delivery
of drug-loaded nanoparticles has merits relative to intra-
peritoneal delivery.

PNP have been used in one other study of PCA. For this
in vivo study, PNP were augmented with a poly(ethylene
glycol) coating to prolong circulation.*! However, this study
only tested the drug-loaded nanoparticle against a single
model of PCA. Based on the promising results of our current
study, a poly(ethylene glycol)-coated PNP should be tested
against multiple PCA models to ensure that the coating is
sensitive to the K-ras status of the PCA.

Other nanoparticles have been used to improve drug
delivery and retention in PCA. Examples include liposomes,*
proteins,* inorganic nanoparticles consisting of silica, gold,
iron, or semiconductors,* and nanoparticles with targeting
moieties.* These nanoparticles have been used to improve the
therapeutic effects of cisplatin,* paclitaxel,” chemoradiation
therapy,*® and gene therapies.*’” Almost all of these previ-
ous studies have only tested the drug-loaded nanoparticle
against one type of in vivo PCA model. Our results indicate
that drug-loaded nanoparticles should be tested against
multiple pancreatic tumor models, such as models that have
wild-type K-ras and mutant K-ras genotypes, to investigate
phenotypes that have different drug delivery and retention
characteristics.

In conclusion, encapsulating PH-427 in PNP improved the
therapeutic effect of PH-427 against an in vivo MiaPaCa-2
PCA model harboring the K-ras mutation. These results were
confirmed by ex vivo histopathology studies. Furthermore, in
vitro studies demonstrated that the PNP rapidly internalized
into MiaPaCa-2 PCA cells. Our study also showed that care
should be taken when interpreting results of drug release
in solution and in vitro. The combination of these results
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indicate that investigations of drug-loaded nanoparticles for
treating PCA should test multiple PCA cell types and tumor
models to ensure that different phenotypes of drug delivery
and retention are interrogated.
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