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Abstract

Second generation antiandrogens have improved overall survival for men with metastatic castrate
resistant prostate cancer; however, the antiandrogens result in suppression of androgen receptor
(AR) activity in all tissues resulting in dose limiting toxicity. We sought to overcome this
limitation through encapsulation in a prostate specific membrane antigen (PSMA)-conjugated
nanoparticle. We designed and characterized a novel nanoparticle containing an antiandrogen,
enzalutamide. Selectivity and enhanced efficacy was achieved through coating the particle with
PSMA. The PSMA-conjugated nanoparticle was internalized selectively in AR expressing prostate
cancer cells. It did not elicit an inflammatory effect. The efficacy of enzalutamide was not
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compromised through insertion into the nanoparticle; in fact, lower systemic drug concentrations
of enzalutamide resulted in comparable clinical activity. Normal muscle cells were not impacted
by the PSMA-conjugated containing antiandrogen. This approach represents a novel strategy to
increase the specificity and effectiveness of antiandrogen treatment for men with castrate resistant
prostate cancer. The ability to deliver higher drug concentrations in prostate cancer cells may
translate into improved clinical end points including overall survival.
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INTRODUCTION

Since Huggins’ and Hodges’ seminal discovery that castration led to prostate glandular
atrophy, surgical or medical castration has been a central component for the treatment for
men with advanced prostate cancer. Mechanistically, androgen deprivation therapy (ADT)
decreases androgen signaling either by downregulating androgen synthesis or through
antagonistic binding to the receptor, leading to reduced AR transcriptional activity. While
initially effective, cells adapt, leading to formation of castrate resistance (CRPC) and
ultimately death from prostate cancer.?

Over the past 5 years, there have been several significant advancements in management of
men with CRPC.3 Specifically, novel agents, which inhibit AR signaling and block androgen
synthesis, have led to improvements in overall survival for men with castrate resistant
disease.? These drugs demonstrated that targeting the AR is critical even in the setting of
CRPC. Nevertheless, CRPC remains an incurable disease despite these advances.
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One approach for enhancing therapy is to deliver higher intratumoral concentrations of
antiandrogens. Studies of antiandrogen therapy demonstrate a dose—response relationship,
with higher concentrations of drugs leading to increased levels of cellular apoptosis.>8
However, this has been tempered due to increased systemic side effects’ resulting from
aberration of normal tissue in AR-dependent cellular function. These toxicities can result in
decreased quality of life8 and result in premature halting of a life prolonging therapy.®
Further, despite the high response rate with ADT, resistance and adverse effects are
universal. Side effects from treatment include increased risk for metabolic syndrome,
osteoporosis, diabetes, cardiovascular disease, and neurocognitive decline.1911 Further, the
psychological effects and sexual dysfunction impacts not only men undergoing treatment but
also partners.12

Herein, we describe the utilization of a novel approach using nanoparticles to selectively and
specifically deliver antiandrogens to prostate cancer cells. Our approach is unique in that it
overcomes several challenges in nanomedicine including (a) substantial uptake of
nanoparticles by the mononuclear phagocyte system (MPS), leading to short blood
circulation time; (b) inability to invoke an endosomal escape once internalization by host
cells has occurred; and (c) the elicitation of immunotoxicity.1314 Our study demonstrates
that this novel delivery method can enhance therapeutic efficacy and can kill tumors while
sparing normal tissue function.

MATERIALS AND METHODS

Cell Culture.

LNCaP, LAPC4, PC3, MCF7, HOC2, HASM, and C2C12 were maintained in improved
minimum essential medium (IMEM), HA’S F-12, and DMEM supplemented with 10% FBS
(heat-inactivated FBS) and maintained at 37 °C in a humidified 5% CO2 incubator.

Chemicals and Reagents.

Human IgG was purchased from Equitech Bio (TX, U.S.A.). Poloxamer-188, RNase-free
water, and fetal bovine albumin (FBS) were obtained from Fisher Scientific. Enzalutamide
and monoclonal mouse anti-PSMA from Selleckchem and Millipore were used.

Preparation of Enzalutamide-Loaded Hybrid Nano-particles.

Hybrid nanoparticles were prepared based on our previously reported protocol.1®> A mass of
50 mg of excipient-free human IgG was dissolved in 0.01 N HCI containing 20 mg of
poloxamer-188 and 1 mg of enzalutamide in 1 mL with 10 mg of sodium tripoliphosphate as
a carrier to make 10 mL of total solution in a 50 mL beaker. The final concentration of
human IgG in each solution amounted to 5 mg/mL. This solution was then slowly titrated
with 0.01 N NaOH to bring the pH of the mixture to 7, which is the isoelectric point (pl) of
human IgG as determined in our laboratory using isoelectric focusing. The nanoparticles
were continuously mixed on a magnetic stirrer for additional 10 min. At the pl,
enzalutamide-loaded hybrid nanoparticles were spontaneously precipitated. The colloidal
suspension was then centrifuged with a microcentrifuge (Eppendorf Centrifuge 5418) at
2000 rpm for 5 min. The nanoparticles were rinsed with double distilled deionized water
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before being redispersed in water and snapfrozen using liquid nitrogen. This was then loaded
into a freezedryer (Labconco FreezeZone 4.6), and lyophilization was performed for 48 h.

Thiolation of Anti-PSMA-mADb.

Thiolation of anti-PSMA-mAb was performed as described.1516 Briefly, 1.3 x 107 M of
Traut’s reagent (2-iminothiolane-HCI) was prepared in phosphate buffered saline (pH 7.4). A
volume of 500 /L of this solution was then added to 1 mL of 1.3 x 107 M (0.2 mg/ mL) of
anti-PSMA-mADb solution. The reaction was stirred for 2 h at 25 °C. The mixture was then
centrifuged at 4000 rpm and 10 °C for 15 min using 30 kDa cutoff centrifugal ultrafilters
(Millipore Corp) to exclude unreacted Traut’s reagent.

Activation of Hybrid Nanoparticles with Heterobifunctional Cross-Linker.

A solution of 5 mg/mL of hybrid nanoparticles in 0.1 M phosphate buffer (pH 7.2) was
added to 2 mg/mL of A-[p-maleimidophenyl] isocyanate (PMPI), a heterobifunctional cross-
linker that links sulfhydryl to hydroxyl groups. PMPI was dissolved in 50 mM phosphate
buffer (pH 8.0). The reaction was incubated for 3 h at room temperature, after which the
activated nanoparticles were centrifuged at 4000 rpm at 10 °C for 15 min using 30 kDa
ultrafilters (Millipore Corp.).

Preparation of Anti-PSMA mAb Functionalized Hybrid Nanoparticles.

Specific mouse monoclonal antibody to prostate specific membrane antigen (PSMA) was
purchased from Millipore (Billerica, MA, U.S.A.). PSMA antibody specificity was checked
by immunofluorescence in PSMA proficient (LNCaP) and deficient (PC3) prostate cancer
cell lines. PSMA antibody was thiolated.1>17 Thiolated anti-PSMA- mAb and activated
hybrid nanoparticles from the above reactions were covalently linked together in the next
procedure. Preparation of anti-PSMA mAb functionalized hybrid nanoparticles was carried
out as described.1®17 The activated nanoparticles were finally functionalized with the
thiolated anti-PSMA-mADb by adding 500 /i of 2 mg/mL thiolated anti-PSMA-mADb to 4
mL of activated nanoparticle suspension (5 mg/mL) and then incubated for 3 h at 25 °C. The
functionalized nanoparticles were centrifuged for 30 min at 4000 rpm and 10 °C.
Unconjugated anti-PSMA-mADb in the supernatant was quantified using the Total Protein Kit
(Micro Lowry, Sigma) based on the supplier’s instructions.

Hybrid Nanoparticle Characterization (HPC).

Characterization of hybrid nanoparticle was carried out as described.1” Photon correlation
spectroscopy (PCS) using a ZetaSizer Nano ZS (Malvern Instruments, U.K.) was used to
measure the particle size and zeta potential of the nanoparticles. Pellets were redispersed in
deionized water and sonicated for approximately 5 min. Intensity autocorrelation was
measured at a scattering angle () of 173°. The Z-average and polydispersity index (PDI)
were recorded in triplicate. For zeta potential, samples were taken in a universal dip cell
(Malvern Instruments), and the zeta potential was recorded in triplicate.

The morphology of the nanoparticles was imaged by scanning electron microscopy (SEM).
Suspensions of nanoparticles were dropped on an aluminum stub and allowed to dry at room
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temperature. Samples were then coated with a thin layer of palladium. Coated samples were
imaged using a Zeiss Supra 50 V system (Carl Zeiss Meditec AG, Jena, Germany).

Drug Treatments and Flow Cytometry Analysis.

Cell proliferation was assessed via BrdU incorporation by flow cytometry analysis as
described previously.1819 LNCaP, LAPC4, PC3, or MCF7 cells were exposed to vehicle,
enzalutamide, hybrid nanoparticle-loaded enzalutamide, hybrid nanoparticle, hybrid
nanoparticle-conjugated anti-PSMA, or enzalutamide-loaded hybrid nanoparticles
conjugated with anti-PSMA.. The cells were pulse-labeled with BrdU for 2 h prior to harvest.
Cells were fixed in 75% ethanol, pelleted, resuspended in 2 N HCI + 0.5 mg/mL pepsin, and
incubated at room temperature for 30 min. Sodium tetraborate (0.1 mol/L) was added to
neutralize 2 N HCI. The cell pellets were washed with IFA buffer, centrifuged, and then
washed with IFA + 0.5% Tween 20 solution. The pellet was resuspended in IFA solution
containing FITC-conjugated anti-BrdU antibody (BD Bioscience), incubated in the dark at
room temperature for 45 min, washed with IFA + 0.5% Tween-20, and pelleted. The pellet
was then suspended in PBS containing propidium iodide (0.2 ug/¢L) and analyzed for BrdU
incorporation using a Beckman Coulter Cell Lab Quanta SC flow cytometer. Flow cytometry
analysis was performed using FlowJo software (GE Healthcare, Piscataway, NJ, U.S.A.).

Cell Growth Analysis.

LNCaP or LAPC4 cells were exposed to vehicle, enzalutamide, hybrid nanoparticle-loaded
enzalutamide, hybrid nanoparticle, hybrid nanoparticle-conjugated anti-PSMA, or
enzalutamide-loaded hybrid nanoparticles conjugated with anti-PSMA. Viable cells were
counted from 0, 2, 4, 6, and 8 days after post drug treatment, and a quantitative analysis was
carried out using Prism Graph Pad v.7.0.

Immunofluorescence and Confocal Microscopy.

Actively growing LNCaP or PC3 cells exposed to vehicle, enzalutamide, nanoparticles,
nanoparticle-conjugated enzalutamide, enzalutamide-loaded hybrid nanoparticle anti-PSMA
conjugates, or FITC-loaded hybrid nanoparticles at indicated times were fixed with 4%
formaldehyde, permeabilized with 0.1% triton X-100 for 5 min and blocked with 1% BSA
for 1 h. Vehicle treated cells were probed with mouse monoclonal PSMA primary antibody
for 1 h at 37 °C and washed three times with PBS and probed mouse FITC for 45 min at RT
and washed thrice with PBS and mounted with antifade mount with DAPI. Cells exposed to
enzalutamide-loaded hybrid nanoparticle anti-PSMA conjugates were fixed with 4% form-
aldehyde, permeabilized with 0.1% Triton X-100 for 5 min, and blocked with 1% BSA for 1
h and probed mouse FITC for 45 min at room temperature and were washed thrice with PBS
and mounted with an antifade mount with DAPI. Cells exposed to FITC-conjugated anti-
PSMA were washed thrice and directly mounted with an antifade mount with DAPI. The
stained cells were imaged using NIKON confocal microscopy (Thomas Jefferson University,
Facility).
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Toxicity and Immunofluorescence.

NCaP, PC3, HIC2, HASM, or C2C12 cells were exposed to vehicle or various
concentrations of enzalutamide (0, 0.5, 1, and 5 ¢M) or nanoparticle (NP) or enzalutamide-
loaded hybrid nanoparticle-conjugated anti-PSMA or vehicle or enzalutamide alone or FITC
alone or FITC-loaded hybrid nanoparticles conjugated with anti-PSMA for 0, 0.5, 1, 3, or 24
h or 2, 4, or 6 days in culture and stained for phalloidin (F-actin) as described?% or PSMA or
FITC and DAPI nuclear stain. Alternatively, hybrid nanoparticles and LPS were injected in
to nude mice and toxicity was tested by measuring TNF-alpha using ELISA in the blood
serum by the indicated time points. The stained slides were imaged using confocal
microscopy at Thomas Jefferson University, Philadelphia.

RNA Analysis.

Total RNA was isolated from LNCaP, MCF7, or PC3 cells exposed to vehicle, enzalutamide,
hybrid nanoparticle-loaded enzalutamide, hybrid nanoparticle, hybrid nanoparticle-
conjugated anti-PSMA, or enzalutamide-loaded hybrid nanoparticles conjugated with anti-
PSMA. Total RNA was reverse transcribed and subjected to semiquantitative PCR or real
time PCR. Real time PCR was performed with an ABI Step-One apparatus using the Power
SYBR Green Master Mix. Target mRNA primers for AR target KLK3 and GAPDH were
used as previously described.29-24 The signals were normalized with an internal control
GAPDH and quantitated by AACT.

RESULTS

Enzalutamide Side Effects on Nontarget Cells.

The second-generation nonsteroidal antiandrogen drug, enzalutamide, is an oral inhibitor
that inhibits androgen receptor (AR) dimerization and DNA binding, inhibits androgen
receptor nuclear translocation, and impinges on coactivator recruitment and transcription.2>
As expected, introduction of enzalutamide inhibits cell cycle in AR-positive hormone
sensitive LNCaP cells (Figure 1A, left), but failed to abrogate S-phase in AR-negative PC3
cells (Figure 1A, right). Common side effects of enzalutamide include fatigue,
musculoskeletal pain, diarrhea, hot flashes, and headaches.26 The androgen and AR
signaling pathway is necessary for developing skeletal muscle and maintaining muscle mass,
strength, and protein synthesis.2” To determine the impact of enzalutamide, we examined the
effects on several muscle cells including H9C2 (cardiac myoblasts), HASM (human airway
smooth muscle), and C2C12 (muscle myoblast) cells. Increasing concentrations of
enzalutamide exposure significantly decreased the F-actin bundles (Figure 1B,C), as
measured by phalloidin staining in all cell models, indicating that AR antagonism alters
muscle cytoskeletal structure. Given the AR role in muscle growth and selection of muscle
fiber type,28 this may account for the musculoskeletal symptoms noted clinically, impressing
the importance for tumor-selective targeting of AR function.

Development of Enzalutamide-Encapsulated Hybrid Nanoparticle-Anti-PSMA Conjugates.

Nanoparticle-encapsulated targeted drug delivery enables minimization of systemic exposure
and subsequently toxicity.2 To ensure that our hybrid nanoparticles maintain long blood

Mol Pharm. Author manuscript; available in PMC 2019 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Thangavel et al.

Page 7

circulation time, avoid endosomal escape following internalization, and do not evoke
immunotoxicity, our nanoparticle incorporates human immunoglobulin G (human IgG) and
biodegradable poloxamer-188 (Polyoxyethylene-polyoxypropylene block copolymer)
(Figure 2A), for efficient and targeted delivery of payload of drugs to tumors.15.17.30
Poloxamer-188 functions as a stealth polymer by preventing macrophage uptake of
nanoparticles bypassing the reticuloendothelial system (RES) and reducing opsonization by
serum proteins.3! To achieve prostate cancer specificity, prostate-specific membrane antigen
(PSMA), a classic type-11 membrane glycoprotein, was chosen (Figure 2B,C). PSMA has
ideal characteristics as an enzyme-biomarker target due to its specific expression in prostate
cancer cells32 and its internalization upon binding targeting ligands.33 Transmission electron
microscopy demonstrated the size of the hybrid nanoparticle to be approximately 200 nm
(Figure 2D). Anti-PSMA conjugates of enzalutamide—hybrid nano-particles were tested for
their release in physiological pH 7.5 and cellular pH 5.0, and it was demonstrated that
maximal enzalutamide release from nanoparticle occurs at cellular physiological pH 5.0
(Figure 2E). Enzalutamide (MDV3100) encapsulation efficiency and loading capacity were
calculated (Tables 1 and 2).

Safety and Nontoxicity of Anti-PSMA Conjugates of Enzalutamide—Hybrid Nanoparticles.

Different organ derived normal muscle cells were exposed to vehicle, MDV3100,
nanoparticle (NP), nanoparticle conjugates of MDV3100, nanoparticle conjugates of anti-
PSMA, or anti-PSMA conjugates of enzalutamide—hybrid nanoparticles for 6 days in
culture. Cells exposed to MDV3100 alone and nanoparticle conjugates of MDV3110
demonstrated toxic effects: decreased F-actin expression and poor cytoskeleton organization
(Figure 3A,B) as compared to vehicle, nanoparticle, anti-PSMA-conjugated nanoparticle,
and anti-PSMA conjugates of enzalutamide—hybrid nanoparticles (Figure 3A,B). Injection of
the nanoparticles into nude mice failed to elicit an increase in serum levels of TNF-alpha in
contrast to LPS (Figure 3C,D).

Enzalutamide Internalizes in PSMA Specific Cells.

To confirm that enzalutamide-loaded-anti-PSMA hybrid nanoparticles internalize
specifically in cancer cells, as mediated via PSMA, nanoparticles were exposed to AR-
positive and -negative cells. AR-positive LNCaP cells express PSMA on the cell surface in
contrast to AR-negative PC3 cells (Figure 4A, left panel), and PSMA expression increased
with increasing concentrations of enzalutamide-loaded-anti-PSMA hybrid nanoparticle
conjugates (right panel) at 24 h in LNCaP cells. Further, anti-PSMA nanoparticles
internalized over 24 h as measured using immunofluorescence in LNCaP cells but failed to
internalize into PC3 cells as measured through anti-PSMA localization (Figure 4B).
Enzalutamide-encapsulated nanoparticle-conjugated anti-PSMA had increased
internalization via PSMA over time (Figure 4C, FITC load mimics enzalutamide payload).

Inhibition of AR Signaling and Prostate Cancer Growth by Enzalutamide-Encapsulated
Hybrid Nanoparticle-Anti-PSMA Conjugates.

Next, we interrogated whether internalized PSMA-conjugated nanoparticles released
enzalutamide, leading to halting of AR signaling and cell cycle arrest. For this experiment,
clinically achievable dosing of enzalutamide was utilized as control. Enzalutamide treatment
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reduces prostate cancer cell growth and leads to down-regulation of AR target genes.” We
noted that encapsulation in the nanoparticle did not interfere with the ability of enzalutamide
to halt cell cycle or reduce expression of the AR target gene, PSA, in AR-positive LNCaP or
MCF7 cells (Figure 5A,B,D,E), whereas the drug had no impact on PC3 cells (Figure 5C,F,
right panel).

Production of a Maximal Therapeutic Response in Prostate Cancer by a Single Minimal
Dose (SMD) of an Enzalutamide-Encapsulated Hybrid Nanoparticle—Anti-PSMA Conjugate.

Clinical efficacy of oral or injectable enzalutamide can be limited by its very short-lived
half-life in blood and may require a high dosage or additional dose of enzalutamide to
suppress cancer growth. In order to limit the plasma concentration of enzalutamide and thus
minimize systemic toxicity, we sought to examine if lower concentrations of drug
encapsulated in the nanoparticle could result in comparable AR suppression and cell cycle
inhibition. We used a FITC payload (FITC payload mimics MDV3100 payload) to measure
the stability of the nanoparticle and noted that encapsulation translated into higher and more
sustained fluorescent signal for up to 6 days (Figure 6A). Next, we noted that lower
concentrations of encapsulated enzalutamide (1 M) had improved cell cycle inhibition in
two AR-positive cell lines (Figure 6B,C). Further, this suppression of cell cycle was greater
than that of the higher concentration of enzalutamide alone as compared to Figure 5A. This
reduction in cell cycle translated into diminished cell growth (Figure 6D,E). These results
demonstrate that the enzalutamide-encapsulated hybrid anti-PSMA nanoparticle can deliver
a clinically efficacious dose with longer stability and less systemic toxicity.

The schematic (Figure 7) illustrates that androgen deprivation therapy (ADT) increases
PSMA expression and the molecular sequence of events with introduction of the
enzalutamide-encapsulated hybrid nanoparticle-anti-PSMA conjugate to prostate cancer
cells. The nanoparticles are internalized via PSMA. Through the internalization process,
enzalutamide is released within the cell at an acidic pH. The internalized PSMA molecules
are then constitutively recycled to the cell surface. Enzalutamide binds with the androgen
receptor and inhibits the natural ligand (DHT) binding. Enzalutamide binding prevents
dimerization and nuclear translocation of AR. Inactive AR fails to associate on AREs,
inhibiting the transcription of AR target genes, resulting in inhibition of cell cycle and
growth.

DISCUSSION

The androgen receptor (AR) is expressed in multiple tissues including normal prostate, liver,
muscle, bone, thyroid, and brain.3* A member of the superfamily of ligand-activated
transcription factors, AR possesses three crucial domains: transactivation, ligand binding,
and DNA binding.3°> AR is a component of a multiprotein complex with heat-shock protein
and immunophilins, and upon ligand binding, it dissociates, recruits coactivators, and
translocates from the cytoplasm to the nucleus.3® AR signaling predominates through
binding to the promoter of androgen responsive genes. Enzalutamide directly antagonizes
AR ligand binding resulting in blockage of AR signaling pathways.3” Within the context of
prostate cancer, this results in improved overall survival.38:39
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Half of all men diagnosed with prostate cancer receive androgen receptor directed therapy
during their overall cancer care.4? Current management strategies include systemic reduction
of circulating androgens, reduction in peripheral androgen production, or direct antagonism
of AR function. While successful, these approaches result in substantial toxicity and
detriment of quality of life.

We sought to reduce toxicity through encapsulation of an antiandrogen in a PSMA-
conjugated nanoparticle. PSMA, prostate-specific membrane antigen, is only expressed on
prostate epithelium, duodenal mucosa, and a subset of the proximal renal tubules*! and thus
has been an attractive biomarker for prostate cancer specificity. PSMA is nearly universally
expressed in the hormone sensitive setting of the disease, and PSMA expression is increased
in the setting of androgen deprivation therapy. However, it has been noted to be
heterogeneously expressed in the castrate resistant setting even within a single patient42:43
when measured by circulating tumor cells or metastases. Further, the late stage variant,
neuroendocrine prostate cancer, is characterized by a lack of expression of androgen
receptor and subsequent targets including PSMA.#4 Notwithstanding this heterogeneity, the
early success of using PSMA-labeled radionuclides including alpha particles?>46 in
management of men with castrate resistant prostate cancer suggest that a PSMA targeted
approach warrants further clinical investigation.

In our study, we modeled alteration in normal tissue using multiple muscle cells. The
androgen receptor signaling pathway is critical in increasing muscle mass and strength by
inducing fiber hypertrophy.#7:48 This is primarily driven through increased protein
synthesis*® with a concomitant decrease in protein breakdown.>0 Clinically, patients note
loss of muscle weakness, fatigue, as well as musculoskeletal pain.>! Encapsulation of
enzalutamide in a PSMA-conjugated nanoparticle resulted in sparing of muscle fiber
function. Further, the nanoparticle did not elicit an immune response as measured by serum
TNF-alpha levels.

Nanoparticles possess several advantages as compared to conventional drug preparations
including improved bioavailability, increasing half-life for clearance, and drug targeting to
specific sites of action.>2 In our study, we noted specificity, as the nanoparticle loaded with
enzalutamide only had an impact on AR-positive, PSMA-expressing cells. MCF7 cells
express low levels of AR;53 thus, when exposed to enzalutamide, there was reduction in both
BrdU and KLK3 expression. Unexpectedly, we found that encapsulation of enzalutamide in
the PSMA conjugate did not completely abrogate the impact of enzalutamide on BrdU and
KLK3 expression in MCF7 cells. We hypothesize that this may be due to the ability of
MCF?7 cells to acidify their extracellular milieu by a dual mechanism,>* given that drug
release from the nanoparticle is pH-dependent (Figure 2E). However, this is not a major
issue in the context of prostate cancer.

An additional benefit of the nanoparticle encapsulation, is increased sensitivity, as we were
able to reduce the dosing of enzalutamide while maintaining efficacy. This should translate
into improved efficacy and mitigate formation of castrate resistance through overexpression
of the androgen receptor. The higher localized cancer-specific concentration and lower
systemic exposure of drug yields many benefits including lower systemic drug exposure.
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From a patient’s perspective, this should result in decreased drug-related side effects and the
potential to safely deliver doses that were heretofore considered systemically toxic.
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ABBREVIATIONS
ADT androgen deprivation therapy
AR androgen receptor
CRPC castrate resistant prostate cancer
DMEM Dulbecco’s Modified Eagle Medium
FBS fetal bovine serum
FITC fluorescein isothiocyanate
GCP I glutamate carboxypeptidase I1
KLK3 kallikrein-3
19G immunoglobulin
PCS photon correlation spectroscopy
PDI polydispersity index
PSA prostate specific antigen
PSMA prostate specific membrane antigen
RES reticuloendothelial system
SEM scanning electron microscope
TNF tumor necrosis factor
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o
|

Enzalutamide inhibits cell cycle in target cells and causes toxicity in nontarget cells. (A)
Graphic representation of BrdU analysis in AR proficient (LNCaP) and AR deficient (PC3)
prostate cancer cell lines in response to vehicle or enzalutamide treatment (5 zM). (B)
Confocal microscopic images of F-actin staining from rat heart myoblast cells (H9C2),
human airway smooth muscle cells (HASM), and mouse skeletal muscle cells (C2C12) in
response to increasing concentrations of enzalutamide (0, 1, 5, and 10 £M) exposed for 2
days in culture. (C) Graphic representation of F-actin fluorescence from rat heart myoblast,
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human airway smooth muscle, and mouse skeletal muscle cells in response to increasing
concentrations of enzalutamide (vehicle, 1, 5, and 10 M) exposed for 2 days in culture.
Each data point is a mean + SD from three or more independent experiments. **p < 0.05
were considered as statistically significant. Scale bar “~ = 20 tm.
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Design and construction of enzalutamide-encapsulated—anti-PSMA-conjugated hybrid
nanoparticle. (A) A schematic illustrates the embedding of enzalutamide to human IgG with
an ecofriendly biopolymer ploxamer-188. (B) Schematics describe the conjugation of the
sulfhydryl group to anti-PSMA (top panel), and the middle panels illustrate the conjugation
of a heterobifunctional linker to hybrid nanoparticle, and the bottom panels describe the
conjugation of a-PSMA to an MDV3100-loaded hybrid nanoparticle. (C) A cartoon
summarizes the organization of the enzalutamide-loaded hybrid nanoparticle and NH, group
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conjugation to anti-PSMA mAb. (D) Transmission electron microscopic picture of a hybrid
nanoparticle with a size of “~” = 200 nm. (E) pH-dependent enzalutamide release from
hybrid nanoparticle (cellular pH 5.0). Each data point is a mean + SD from three or more
independent experiments. **p < 0.05 were considered as statistically significant.
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Figure 3.

Ecofriendly nature of enzalutamide-loaded—anti-PSMA-conjugated hybrid nanoparticle to
nontarget cells. (A) F-actin stained confocal microscopic images from H9C2, HASM, and
C2C12 cells exposed to vehicle, MDV3100 (5 ¢M), NP, NP+MDV (5 M), NP+anti-PSMA,
or enzalutamide-loaded—anti-PSMA-conjugated hybrid nanoparticle (5 M) for 6 days in
culture. (B) A graphic representation of F-actin fluorescence in H9C2, HASM, and C2C12
cells exposed to vehicle or MDV3100 (5 ¢M), NP, NP+MDV (5 xM), NP+anti-PSMA, or
enzalutamide-loaded—anti-PSMA-conjugated hybrid nanoparticle (5 M) for 6 days in
culture. (C) A graphical representation of TNF-alpha levels in mouse blood serum in
response to hybrid nanoparticle exposure. (D) A graphical representation of TNF-alpha
levels in nude mouse blood serum in response to LPS exposure. Each data point is a mean +

Mol Pharm. Author manuscript; available in PMC 2019 May 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Thangavel et al.

Page 20

SD from three or more independent experiments and five or more animals. **p < 0.05 was
considered as statistically significant. Scale bar “~” = 20 ym.
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Figure 4.
PSMA specific internalization of hybrid nanoparticle in prostate cancer cells. (A)

Immunolocalization of prostate specific membrane antigen (PSMA) in PSMA proficient and
PSMA deficient prostate cancer isogenic LNCaP and PC3 models (left panel) and
expression of PSMA in LNCaP cells in response to varying doses of hybrid nanoparticle-
loaded enzalutamide—anti-PSMSA conjugates with indicated concentrations (right panel).
(B) Confocal microscopic images of anti-PSMA internalization via PSMA in PSMA
proficient and deficient LNCaP and PC3 isogenic PCa lines with indicated time points. (C)
Confocal microscopic images of FITC in FITC-loaded (FITC load mimics MDV3100
payload) hybrid nanoparticle—anti-PSMA conjugates in LNCaP cells with indicated time
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points. Each data point is a mean + SD from three or more independent experiments. ** p <
0.05 was considered as statistically significant. Scale bar “~” = 20 ym.
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Enzalutamide-encapsulated—anti-PSMA conjugates of hybrid nanoparticles efficiently
control cell cycle and repress AR target gene expression. (A—C) Graphic representation of
BrdU analysis in LNCaP, MCF7, and PC3 cells in response to vehicle, enzalutamide, NP, NP
+MDV3100, enzalutamide-loaded nanoparticle, nanoparticle with anti-PSMA, or
enzalutamide-loaded nanoparticle coated with anti-PSMA.. (D-F) Graphic representation of
KLK3 mRNA (PSA) analysis in LNCaP, MCF7, and PC3 cells exposed to vehicle,
enzalutamide, NP, NP+MDV 3100, enzalutamide-loaded nanoparticle, nanoparticle with

anti-PSMA, or enzalutamide-loaded nanoparticle coated with anti-PSMA. For these

experiments, 5 4M enzalutamide was used. Each data point is a mean + SD from three or
more independent experiments. * pand **p < 0.05 were considered as statistically
significant. Note: treated with drugs for 48 h and BrdU pulsed for last 2 h with drug for cell

cycle analysis.
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Figure 6.
Lower systemic dose of enzalutamide-encapsulated hybrid nanoparticle-anti-PSMA

conjugates enhances therapeutic efficacy in prostate cancer cells. (A) Confocal microscopic
images of LNCaP cells exposed to FITC (enzalutamide replaced with FITC) or anti-PSMA
conjugates of hybrid nanoparticle-loaded enzalutamide (enzalutamide replaced with FITC)
(left panel) exposed for indicated time and a graphic representation of FITC fluorescence
(right panel). (B) Graphic representation of BrdU analysis in LNCaP cells in response to
vehicle, enzalutamide (1 4M), nanoparticle (NP), NP with enzalutamide (1 ¢M), NP+PSMA,
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Page 25

or NP+enzalutamide+anti-PSMA (1 xM). (C) Graphic representation of BrdU analysis in
LAPCA4 cells in response to vehicle, enzalutamide (1 M), nanoparticle (NP), NP with
enzalutamide (1 M), NP+PSMA, or (NP +enzalutamide+anti-PSMA (1 t/M). (D) Graphic
representation of cell growth assay in LNCaP cells in response to vehicle, enzalutamide (1
4M), nanoparticle (NP), NP+enzalutamide (1 M), NP+PSMA, or NP+enzaluamide+anti-
PSMA. (E) Graphic representation of BrdU analysis in LAPCA4 cells in response to vehicle,
enzalutamide (1 M), nanoparticle (NP), NP+enzalutamide (1 £M), NP+PSMA, or NP
+MDV3100+anti-PSMA (1 4M). Each data point is a mean + SD from three or more
independent experiments. ** p < 0.05 were considered as statistically significant.

Mol Pharm. Author manuscript; available in PMC 2019 May 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Thangavel et al. Page 26

Androgen Ablation Therapy
(ADT)
Enzalutamide Loaded NP
.. Conjugated anti-PSMA Therapy

ADT Induced PSMA

Expression
-y

EariyJEll;osoma

—_—

Cellar pH
Enzalutami

PSMA RE AR RE
[/ " 4— PSMA mRNA

Nucleus

PSMA Protein

/ i '
ADT Induced PSMA
Expression

s

PSMA

Figure 7.
Working model of enzalutamide-loaded hybrid nanoparticle-anti-PSMA conjugate in PSMA

proficient prostate cancer model. Androgen ablation therapy (ADT) increases PSMA
expression via activation of PSMA transcription through ADT induced transcription factors
(TFs) and PSMA specific internalization of enzalutamide—hybrid nanoparticle-anti-PSMA
conjugate and release of enzalutamide inside the cell at a cellular pH (5.0). Cytoplasmic AR
bound enzalutamide inhibits the signaling by blocking AR dimerization, blocking AR
nuclear translocation, or inhibiting AR association to ARE (Androgen Receptor Response
Elements).
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Table 1.
Enzalutamide (MDV3100) Encapsulation Efficiency

formula: (amount of drug used — amount of free drug)/amount of drug used x 100

biological replicate values mean (%)
1 3 mg-0.8 mg/3 mg x 100 = 73%
2 3mg-0.71 mg/3 mg x 100 = 76.3% 74.8
3 3 mg-0.75mg/3 mg x 100 = 75%
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Table 2.
Enzalutamide (MDV3100) Loading Capacity

formula: (amount of drug used — amount of free drug)/total weight of nanoparticles x 100

biological replicate values mean (%)
1 3 mg-0.8 mg/7.6 mg x 100 = 28.9%
2 3mg-0.71 mg/7.6 mg x 100 = 30.1% 29.5
3 3 mg-0.75 mg/7.6 mg x 100 = 29.6%
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