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Abstract

We have recently discovered a specific Murine Double Minute 2 (MDMZ2) oncogene inhibitor,
called SP141, which exerts potent anticancer activity in various breast cancer models. However, its
low oral bioavailability is the major hurtle for moving this drug to clinical trial. The present study
was designed to discover and validate a novel nano-oral delivery system for this promising
anticancer agent. Herein, we report the preparation, characterization, and evaluation of the efficacy
and safety of the SP141-loaded IgG Fc-conjugated maleimidyl-poly(ethylene glycol)-co-poly(e-
caprolactone) (Mal-PEG-PCL) nanoparticles (SP141FcNP) as an orally cancer therapeutic agent.
Our results indicated that SP141FcNP showed a biphasic release pattern and increased
transepithelial transport /in vitroand in vivo with the involvement of FcRn-mediated transcytosis.
SP141FcNP also exhibited increased intestinal epithelial permeability, cellular uptake, and oral
bioavailability, with extended blood circulation time, increased tumor accumulation, enhanced
MDM?2 inhibition, and stronger responses in anti-tumor growth and metastasis effects /7 vitroand
in vivo, without apparent host toxicity. Collectively, this newly developed nanoparticle oral
delivery system provides a basis for evaluation of SP141 as a potential clinical candidate for
cancer therapy.
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1. Introduction

Recent advances in our understanding of genetic alterations in human cancer have improved
the diagnosis, prevention, and treatment of this disease [1-3]. The amplification and
overexpression of Murine Double Minute 2 (MDM2) oncogene and the mutation and
deletion of p53 tumor suppressor often occur in human cancers, including breast cancer [4-
6]. Inhibiting MDMZ2 and/or reactivating p53 hold great promise in developing targeted
therapies for patients with advanced cancer [6-8]. A number of MDM?2 inhibitors have
recently been developed to treat human cancers [9-13]. However, challenges remain in the
pursuit of specific, safe, and effective MDMZ2 inhibitors for cancer therapy, such as low
targeting specificity, poor bioavailability, host toxicity, and limited efficacy. We have
recently discovered a novel small molecule MDM2 inhibitor SP141 with a unique molecular
mechanism that is distinct from other MDMZ2 inhibitors under development [12, 14]. SP141
directly interacts with MDM2 and induces MDM2 autoubiquitination and proteasomal
degradation, leading to cancer cell death, regardless of p53 status [12, 14]. However, the
therapeutic applications of SP141 are restricted by moderate efficacy through oral
administration, due to the poor aqueous solubility and instability under harsh conditions.
Therefore, new strategies for directed and efficient delivery of SP141 are needed.

Owing to the chronic and aggressive nature of cancers, long-term treatment with medication
is often required and the oral administration route is preferred because of its convenience
and non-invasiveness [15]. Recently, the advent of nanotechnology and nanomedicine has
demonstrated great promise for advancing the treatment of various cancers by improving the
specificity and efficacy of therapeutics and reducing adverse effects [16-18]. The bench-to-
bedside translation of several nanomedicines, such as CPX-351 (NCT00822094) and
BIND-014 (NCT01300533) further emphasizes that the therapeutic potential of
nanomedicine is superior to that of conventional cancer therapies [19-21]. However, the
utilization of nanomedicine approaches for enhancing oral delivery of anticancer drugs is
still lacking, and more specific, safe, and effective oral nanomedicine is needed for cancer
therapy. More recently, a multitude of nanoparticle formulations have been developed to
encapsulate and protect drugs from premature degradation in gastric environment, resist the
harsh conditions, and release the drugs in the intestine in a controlled manner, leading to an
increased absorption of free drugs [22-24]. Nevertheless, the physicochemical properties of
nanoparticles are unfavorable for the transport of the intact nanoparticles across cellular
barriers, such as intestinal epithelial cells; the intestinal absorption of the drugs is still
restricted and highly inefficient [15, 25, 26]. Therefore, new strategies are urgently needed
for overcoming the intestinal epithelial barrier and improving the absorption efficiency of
nanomedicines.

The neonatal Fc receptor (FCRn) was originally discovered as a specific receptor for
Immunoglobulin G (IgG), protecting 1gG from degradation and extending its half-life in the
serum via FcRn-mediated recycling and transcytosis [27, 28]. Mechanistically, FcRn binds
to the Fc portion of IgG in a pH-dependent manner. At the moderate acid condition (e.g.
intestinal juices, pH < 6.5), the acidic residues on the a2-domain of FcRn specifically
interacts with the titratable histidine residues in the Fc Cy2-C3 domains via electrostatics,
whereas the FcRn-Fc interaction will be dissociated at physiological pH condition (pH 7.4)
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[27, 28]. FcRn is highly expressed in intestinal epithelium, vascular endothelium, and
various sites in human body, and is involved in diverse biological functions throughout
human life [29-32]. Recent studies have demonstrated that the conjugation of 1gG Fc
portion to nanoparticles can enhance the intestinal absorption of the intact nanoparticles and
extend their serum persistence, leading to improved oral bioavailability and increased tissue
accumulation of drugs, e.g., insulin [33, 34]. However, the specificity, safety, and efficacy of
FcRn-targeted anticancer nanomedicine remain unclear.

In the present study, we designed and developed the SP141-encapsulated FcRn-targeted
nanoparticles (SP141FcNP) with well-controlled formulation properties for oral delivery of
this MDM2 inhibitor. To facilitate the transition of SP141FcNP from preclinical to clinical
studies, we selected the biodegradable and biocompatible maleimidyl-poly(ethylene glycol)-
co-poly(e-caprolactone) (Mal-PEG-PCL) copolymers and anti-human 1gG Fc portion for
preparing the antibody-nanoparticle conjugates. The PEGylated polymers were employed to
prolong circulation, decrease non-specific absorption, and reduce nanoparticle aggregation
in vivo. SP141FcNP was investigated using various /n7 vitro and /n vivo models that are
useful in modeling the harsh environment of the gastrointestinal tract. Considering that
SP141 has shown excellent efficacy in /n vitro and /n vivo breast cancer models [12], the
same models, including breast cancer orthotopic model, were utilized to assess the safety,
tumor targeting efficiency, and anticancer activity of SP141FcNP in the present study. Our
results have shown the feasibility of Fc-conjugated nanoparticle as an oral delivery system of
SP141 for cancer therapy. This study is highly significant and paves the way for further
development of SP141 for treating human cancer.

2. Materials and methods

2.1. Chemicals, antibodies, and reagents

The small molecule MDM2 inhibitor SP141 was synthesized and characterized as described
in our previous studies [12, 14]. The Mal-PEG-PCL copolymers (6 KDa) were purchased
from Advanced Polymer Materials (Montreal, Canada). Human IgG Fc fragments were
sourced from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). 2-
Iminothiolane hydrochloride was obtained from Sigma (St Louis, MO, USA). DilC1g(5) oil
(1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate) was purchased from
Thermo Scientific (Rockford, IL, USA). Fetal bovine serum was obtained from Atlanta
Biologicals (Lawrenceville, GA, USA). The penicillin/streptomycin was bought from
Corning (Manassas, VA, USA). The antibodies against human p53 (DO-1; 1:2000) and
FcRn (H-4; 1:1000) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The antibodies against human MDM2 (Ab-2; 1:500) and p21 (Ab-1; 1:1000) were
bought from EMD Chemicals (Gibbstown, NJ, USA). The goat antimouse 1gG (H+L) and
goat anti-rabbit IgG (H+L) antibodies were obtained from Bio-Rad (Hercules, CA, USA).

2.2. Cell lines and culture conditions

Human intestinal epithelial Caco2 cells, human non-malignant breast epithelial MCF10A
cells, and human breast cancer cell lines (MCF7 and MDA-MB-231) were obtained from
American Type Culture Collection (Rockville, MD, USA). Human mammary luminal
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epithelial (HMLE) cells were obtained from ZenBio (Research Triangle Park, NC, USA).
Caco2 cells were grown in Eagle’s minimum essential medium (EMEM). MCF7 and MDA-
MB-231 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM). Both
EMEM and DMEM were supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin. MCF10A cells were grown in DMEM/Ham’s F12 media containing 5% horse
serum, 20 ng/mL of EGF, 0.5 mg/mL of hydrocortisone, 100 ng/mL of cholera toxin, 10
pg/mL of insulin, and 1% penicillin/streptomycin. HMLE cells were grown in mammary
luminal epithelial cell growth medium (ZenBio, NC, USA).

2.3. Preparation and characterization of nanoparticles

To prepare SP141-loaded nanoparticles, Mal-PEG-PCL copolymers (15.0 mg) and SP141
(3.0 mg) were dissolved in 1 mL dichloromethane, and then added dropwise into 5 mL of
deionized water. The mixture was sonicated on ice using a probe sonicator to form the w/o
emulsion. After that, the organic solvent in the mixture was evaporated by continuous
stirring at room temperature overnight. The nanoparticles were then purified by filtration
using Millipore Amicon Ultra 100,000 NMWL (Millipore, Billerica, MA, USA).

The Fc-conjugated nanoparticles were prepared as reported previously [33, 34]. Briefly, 1gG
Fc fragments were first thiolated by reacting with 2-iminothiolan (Traut’s reagent). The
thiolated Fc fragments were added into Mal-PEG-PCL nanoparticle suspensions containing
5 mM EDTA and mixed for covalent conjugation at 4°C for 1 h. The FcNPs were washed
and purified using Millipore Amicon Ultra 100,000 NMWL. The conjugation efficiency of
IgG Fc to nanoparticle surface and the average number of Fc fragments conjugated to each
nanoparticle were determined as reported previously [35]. The nanoparticles loaded with
fluorescent dye DiD were prepared in the same way.

The size distribution and zeta potential of the nanoparticles were determined using dynamic
light scattering (Zetasizer 3000HS, Malvern Instruments Ltd, UK). The morphology of the
nanoparticles was examined using transmission electron microscopy (TEM) (Hitachi
H-9500, Hitachi High Technologies America, Dallas, TX, USA). The drug loading,
encapsulation efficiency, and /n vitro release kinetics of the nanoparticles were determined
using the previously reported methods [24].

2.4. Caco2 cell monolayer permeability assays

The Caco?2 cell monolayer permeability assay was performed as described previously [24].
In brief, Caco2 cells were seeded on polycarbonate 6-well Transwell® inserts (Corning
Costar, NY, USA). The transepithelial electrical resistance (TEER) of the monolayer was
monitored using an epithelial voltohmmeter (EVOM, WPI, USA). Free SP141 (5 ug/mL),
SP141NP (5 pg/mL), or SP141FcNP (5 pg/mL) were added to the apical side of the
membrane, and the transport of the compound from the apical compartment to the
basolateral compartment was monitored over a 120 min time period using an HPLC method
[36]. For the competition assay, the cells were pretreated with 1gG Fc fragments for 30 min,
followed by the addition of SP141FcNP. The amount of Fc fragments transported was
determined using the human 1gG Fc ELISA kit (eBioscience, San Diego, CA, USA). The
apparent permeability coefficient (Pypp) was calculated using the following equation: Pypp =
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(0Q/0t)/(Ax Cp), where “0Q/0t is the permeability rate of the compound across the cells, ‘A’
is the diffusion area of the cell monolayer and ‘ Cy' is the initial concentration of the
compound in the apical compartment.

2.5. In vitro cellular uptake assays

The uptake of nanoparticles into Caco2, MCF7, and MDA-MB-231 cells was determined by
HPLC analyses and fluorescence detection as reported previously [24]. For the quantitative
analyses of cellular uptake of SP141-loaded nanoparticles, the cells were incubated with 5
pg/mL of free SP141, SP141NP, or SP141FcNP for 30, 60, and 120 min. The cells were then
frozen at —80°C overnight and cell lysates were collected and extracted for the quantification
of SP141 by an HPLC analysis [36]. For fluorescence detection, cells were incubated with
free DiD, DiD-NP, and DiD-FcNP for 2 h and then fixed using 4% formalin in PBS. In the
competition assay, the cells were pretreated with IgG Fc fragments for 30 min, followed by
the addition of SP141FcNP. The cells were stained with membrane lipophilic dye using
CellVue® Jade Cell Labeling kit following the manufacturer’s instructions (eBioscience,
San Diego, CA, USA). After labeling, the cells were then counterstained with 4', 6-
diamidino-2-phenylindole (DAPI) and analyzed under an Olympus fluorescence microscope
(Olympus America, Central Valley, PA, USA).

2.6. Assays for in vitro anticancer activity

Assays for cell viability, cell cycle distribution, and cell apoptosis were performed as
described previously [37, 38]. In brief, the cells were seeded in 96-well plates (3-4x103
cells/well) and treated with various concentrations of SP141, SP141NP, and SP141FcNP for
72 h to examine their cytotoxicity using the MTT assay. For cell cycle assay, the cells (2—
3x10° cells/well) were exposed to the formulations (0, 20, 50, and 100 ng/mL) for 24 h and
then harvested and fixed at 4°C overnight. The DNA content was determined using a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA). For cell apoptosis
detection, the cells (2-3x10° cells/well) were treated with the formulations (0, 20, 50, and
100 ng/mL) for 48 h, followed by staining and analysis using flow cytometry.

2.7. Western blotting assay

In the Jn vitro studies, 3—-4x10° cells were seeded into 6-cm dishes and exposed to various
concentrations of SP141, SP141NP, and SP141FcNP (0, 20, 50, and 100 ng/mL) for 24 h.
The cells were then lysed in NP-40 lysis buffer containing a protease inhibitor mixture
(Sigma, St. Louis, MO, USA). In the /n vivo studies, the tumor tissue samples were
homogenized in NP-40 lysis buffer and the supernatants were collected. The proteins from
cell and tissue lysates were quantified, and the protein samples were then subjected to
Western blotting analysis for the expression levels of MDMZ2, p53, and p21 using the
methods described previously [39, 40].

2.8. MDA-MB-231 orthotopic tumor model and in vivo efficacy studies of SP141FcNP

The animal protocols were approved by the Institutional Animal Use and Care Committee of
Texas Tech University. Female athymic nude mice (nu/nu, 4-6 weeks) were obtained from
Charles River Laboratories International (Wilmington, MA, USA). MDA-MB-231 cells (1 x
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10% in 20 uL) were implanted into the second thoracic mammary fat pad after anesthesia.
After two weeks, tumor-bearing mice were divided into control and treatment groups (10
mice/group). Free SP141 was dissolved in PEG400:ethanol:saline (57.1:14.3:28.6, v:v:W).
The control group received the vehicle only. Both free SP141 and SP141NP were
administrated by oral gavage at a dose of 160 mg/kg/day, 5 days/week for 24 days.
SP141FcNP was administrated at a dose of 80 or 160 mg/kg/day for the same treatment
period as SP141 and SP141FcNP. At the end of the experiments, all mice were examined for
tumor metastasis to various organs. The numbers of mice with metastasis to the lungs were
counted. Orthotopic tumors were removed, and parts of the tumors were snap frozen and
used for Western blotting analysis, while other parts were fixed in formalin and used for
immunohistochemistry and TUNEL staining. Various tissues (lungs, brain, heart, liver,
spleen, and kidneys) were removed and fixed for hematoxylin and eosin (H&E) staining.

2.9. In vivo intestinal uptake studies of nanoparticles

To observe the /n vivotransport of nanoparticles across the intestinal epithelium, both CD-1
mice and nude mice were fasted overnight and administrated with free DiD, DiD-NP, or
DiD-FcNP at the dose level of 0.5 mg/kg by oral gavage. After 2 h, the mice were
euthanized and the duodenum tissue sections were collected and frozen into Tissue-Tek
OCT using liquid nitrogen. Cross sections of the tissues were obtained using a Shandon
SME Cryotome Cryostat (Shandon Scientific Ltd, Runcorn, Cheshire, UK) with a thickness
of 20 um. After air-dried overnight, the tissue sections were fixed and stained with DAPI.
Fluorescent images were obtained using an Olympus microscope (Olympus America,
Central Valley, PA, USA).

2.10. Pharmacokinetics and tumor uptake of SP141FcNP

2.11. In vivo

Pharmacokinetic studies of SP141FcNP were carried out in CD-1 mice and nude mice
bearing MDA-MB-231 orthotopic tumors as described in our previous studies [24, 41].
Briefly, CD-1 and tumor-bearing nude mice were divided randomly into three groups and
given SP141 in PEG400:ethanol:saline (57.1:14.3:28.6, v:v.V), SP141NP, and SP141FcNP at
a dose of 160 mg/kg by oral administration. The plasma and tumor tissues were collected at
0,0.5,1,2,4,6,12, 24,48, 72, and 96 h after treatment. The plasma and tumor samples
were stored at —80°C until HPLC analyses.

imaging in CD-1 mice and tumor-bearing nude mice

To observe the real-time biodistribution and tumor accumulation of nanoparticles /n vivo,
CD-1 mice and nude mice bearing MDA-MB-231 tumors (~500 mg) were administrated
free DiD in PEG400:ethanol:saline (57.1:14.3:28.6, v:v:V), DiD-NP, or DiD-FcNP at a dose
of 0.5 mg/kg by oral gavage. The mice were anesthetized and scanned at 30 min, 1 h, 2 h, 4
h,6h, 8h, 12 h, 24 h and 48 h using an IVVIS Lumina XR /n vivoimaging system (Caliper,
Mountain View, CA, USA) with an excitation bandpass filter at 640 nm and an emission at
720 nm. Representative mice were selected from each treatment group and necropsy was
conducted at 6 h. The major organs (brain, lungs, livers, spleen, kidneys, heart, stomach, and
intestine) and tumor tissues were excised and the near-infrared fluorescence signal
intensities in different tissues were measured.
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2.12. Immunohistochemistry, TUNEL staining, and H&E staining

At the end of the /n vivo experiments, tumors and different tissues were removed from the
mice, fixed in 10% formalin and embedded in paraffin. Tumor and tissue sections with a
thickness of 5 um were deparaffinized in xylenes, rehydrated, and washed with PBS. For the
immunohistochemistry studies [39, 40], the tumor slides were incubated with a biotinylated
antihuman MDM2 antibody (diluted 1:50 in 5% BSA in PBS) for 1 h at room temperature.
For TUNEL staining [39, 40], tissue sections were incubated with proteinase K (20 ug/mL
in 10 mM Tris-HCI, pH 7.4) for 15 min at 37°C. DNA breaks were then labeled with
terminal deoxytransferase (TdT) in a humidified chamber at 37°C for 5 min, followed by
incubation with 50 pL of biotinylated bromodeoxyuridine antibody at 37°C for 1 h, and
washing with PBS. Staining for both immunohistochemistry and TUNEL assay was
developed with streptavidin-conjugated HRP and 3,3"-diaminobenzidene (an HRP
substrate). For H&E staining [13], tissue sections were stained in Mayer’s hematoxylin for
10 min, followed by eosin staining for less than 1 min. All the slides were analyzed and
viewed under phase-contrast Olympus microscope (Olympus America, Central Valley, PA).

2.13. Statistical analysis

3. Results

All quantitative data are reported as the means + SEM from at least three independent
experiments. The Prism software program version 6 (Graph Pad software, San Diego, CA,
USA) was used for the data analysis. The Student’s two-tailed #tests were used for
comparisons between two groups. £ < 0.05 was considered to be statistically significant.

3.1. SP141FcNP is a highly controllable formulation

SP141 was encapsulated into Mal-PEG-PCL nanoparticles using emulsion-solvent
evaporation method (Fig. 1A), forming SP141-loaded nanoparticles (SP141NP) with a mean
hydrodynamic diameter of 79.9 nm, a low polydispersity (PDI < 0.3), and a zeta potential of
=7.2mV (Table 1). The SP141NP exhibited spherical shape of moderate uniform particle
size. The particle size and size distribution measured by the dynamic light scattering (DLS)
(Fig. 1B) were in good agreement with that measured from TEM (Fig. 1C). The SP141
loading and encapsulation efficiency were 16.5% and 98.9%, respectively (Table 1). The /n
vitro cumulative release profile of SP141 from SP141NP was assessed at physiological pH
condition (pH 7.4), in simulated intestinal fluid (pH 6.5), and in simulated gastric fluid (pH
1.2). SP141NP showed a biphasic release pattern at these pH conditions (Fig. 1D). After the
initial burst release for 24 h, the release rate of SP141 from SP141NP significantly slowed
down and exhibited a sustained release profile in the next six days.

The free maleimide groups of SP141NP specifically reacted with the thiol groups of the
polyclonal 1gG Fc fragments, forming the SP141-loaded Fc-conjugated PEG-PCL
nanoparticles (SP141FcNP) (Fig. 1A). The Fc conjugation efficiency was determined to be
57.9% and the average number of Fc portion per SP141NP was 52 (Table 1). Since the Fc
fragments (~3 nm) were covalently bound on the SP141NP surface, the hydrodynamic
diameter of SP141FcNP was increased to 85.5 nm (PDI < 0.3), as measured by DLS (Fig.
1E) and TEM (Fig. 1F). However, only minor changes in zeta potential, SP141 loading, and
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encapsulation efficiency were observed (Table 1). In addition, SP141FcNP presented a
similar biphasic release profile as SP141NP at different pH conditions (Fig. 1G), indicating
that 1gG Fc conjugation to nanoparticles did not change the release behavior of SP141NP.
Taken together, SP141FcNP was developed with controlled formulation properties,
including narrow size distribution, high SP141 loading and biphasic release pattern.

3.2. SP141FcNP exhibits increased transepithelial transport and cellular uptake in vitro

and in vivo

FcRn is highly expressed in the epithelium of the intestinal villi of the duodenum of mice
[34]. SP141 exerts its anticancer activity by inhibiting MDM2 Jn vitroand in vivo [12, 14].
To determine the roles of FcRn and MDM2 in intestinal epithelial transport and cellular
uptake of SP141FcNP, we first examined the expression levels of FcRn and MDM2 in
human intestinal epithelial Caco2 cells, normal human breast epithelial cell lines (HMLE
and MCF10A), and human breast cancer cell lines (MCF7 and MDA-MB-231). As shown in
Fig. 2A, FcRn was highly expressed in all cell lines, whereas MDM2 was only
overexpressed in breast cancer cell lines.

The in vitrotransepithelial transport of SP141FcNP was evaluated using the Caco2 cell
monolayer permeability assay. As shown in Fig. 2B (left panel), the results from human 1gG
Fc ELISA assays showed that SP141FcNP crossed the Caco2 monolayer in a time-
dependent manner and preincubation of free Fc fragments reduced the transport of
SP141FcNP, suggesting an involvement of FcRn-mediated transcytosis in the transport of
the nanoparticles. The results from HPLC analyses (Fig. 2B, right panel) indicated that
SP141FcNP had better transepithelial permeability (Pypp = 29.1 x 107° cm/s) than both free
SP141 (Papp = 7.0 x 10~ cm/s) and non-targeted SP141NP (Pyp, = 15.5 x 1072 cmys).
Furthermore, the transported SP141FcNP was evidently reduced after adding the free Fc
fragments (Pypp = 18.2 X 1075 cm/s), confirming an important role of FcRn in the
transepithelial transport of SP141FcNP.

The cellular uptake of SP141FcNP by Caco? cells and breast cancer MCF7 and MDA-
MB-231 cells was further investigated. Similar to the observations in permeability assays,
SP141FcNP showed the best cellular uptake in all three cell lines in a time-dependent
manner (Fig. 2C). The addition of free Fc fragments significantly reduced the uptake of
SP141FcNP in all cell lines (Fig. 2C). These results were further confirmed using
fluorescent dye DilC4g(5) oil (DiD)-loaded nanoparticles (DiD-NP). As shown in Fig. 2D,
free DiD oil was unable to diffuse into the cells whereas DiD-NP showed accumulation in
all cell lines. The DiD-loaded Fc-conjugated nanoparticles (DiD-FcNP) was actively
accumulated into all different types of cells via binding to the cell surface and being uptaken
by the cells, resulting in the most intense fluorescence in all cell lines, which was also
reduced by adding the free Fc fragments. All these results suggested that FcRn played a
crucial role in the cellular uptake of SP141FcNP, which was not affected by the different
expression levels of MDMZ2 in these cell lines.

Furthermore, to determine the /n vivo permeability and cellular uptake of SP141FcNP in
intestine, both CD-1 mice and nude mice were orally administered free DiD oil, non-
targeted DiD-NP, and DiD-FcNP, and the sections of the duodenum were fixed and
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examined using confocal fluorescence microscopy. As shown in Fig. 2E, the fluorescence
was not observed in the villi from the free DiD-treated group and it was only rarely observed
in the DiD-NP group for both mouse models. However, the distribution of DiD fluorescence
in the villi on the basolateral side of the epithelial cells was clearly observed in the mice
treated with DiD-FcNP. Taken together, all these findings suggested that SP141FcNP could
cross the intestinal epithelium and be uptaken by normal and breast cancer cells /in vitroand
in vivo.

3.3. SP141FcNP demonstrates increased anti-breast cancer activity and enhanced MDM2
inhibition in vitro, independent of p53

Two breast cancer cell lines MCF7 (FcRn high, MDMZ2 high, and p53 wild-type) and MDA-
MB-231 (FcRn high, MDM2 high, and p53 mutant) were selected to determine the /n vitro
anticancer activity of SP141FcNP. As shown in Fig. 3A, SP141FcNP induced a significant
increase in the cancer cell death in comparison to free SP141 and non-targeted SP141NP,
resulting in a ~90% decrease in the 1Cgq values in both cell lines. The effects of SP141FcNP
on cell cycle progression were further investigated in both cell lines. As shown in Fig. 3B,
free SP141 only induced G2/M phase arrest at the highest concentration (100 ng/mL),
whereas SP141NP and SP141FcNP started to induce cell cycle arrest at 50 and 20 ng/mL,
respectively. Similar results were obtained in the cell apoptosis after 48 h posttreatment with
SP141, SP141NP, and SP141FcNP (Fig. 3C). In comparison to SP141 or SP141NP, treating
both cell lines with SP141FcNP at the same concentration significantly increased the
apoptotic cells, regardless of p53 status.

Consistent with the results of cell cycle distribution and apoptosis, SP141FcNP inhibited the
MDM2 expression and activated wild-type p53 and p21 expression at 20 ng/mL, while both
free SP141 and non-targeted SP141NP did not show significant effects at the same
concentration (Fig. 3D). Because FcRn is highly expressed in both MCF7 and MDA-
MB-231 cell lines, the enhanced activity of SP141FcNP could be attributed to FcRn-
mediated endocytosis. Taken together, these results demonstrated that SP141FcNP was
uptaken by breast cancer cells via, at least in part, FcRn-mediated endocytosis and exerted
its anticancer activity in a p53-independent manner.

3.4. SP141FcNP displays substantially altered pharmacokinetics in vivo

To determine the optimal therapeutic dose of SP141FcNP in /n vivo studies, the initial short-
term toxicity studies were performed using CD-1 mice. No mortality was observed in all the
tested mice at two dose levels (160 and 320 mg/kg, p.0.) during the experimental period. No
abnormal clinical observations were noticed as well, including decreases in food
consumption, loss of average body weights, and organ abnormalities (Data not shown).

SP141FcNP was further evaluated for its /7 vivo pharmacokinetics in female CD-1 mice. As
shown in Fig. 4A, oral administration of free SP141 (160 mg/kg) only caused very low drug
concentrations in the plasma with a peak value (Gpax) 0f 4.3 pg/mL one hour after dosing.
SP141NP significantly increased the plasma concentration of this compound (Gpax = 8.1
pg/mL) without changing the time point of the peak value (Tmax). However, oral
administration of SP141FcNP resulted in a dramatically altered pharmacokinetic profile,
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with the highest drug concentration of 15.5 pg/mL at 4 h. Because of FcRn-mediated serum
persistence of SP141FcNP, its plasma half-life (T1/2) was extended to more than 24 h and
SP141 was still detectable at 72 h. The AUC_; (the area under the concentration-time curve
from the time zero to last measurable concentration) value for SP141FcNP was 32-fold
higher than that of free SP141, indicating a greatly improved oral bioavailability. The
selected pharmacokinetic parameters for SP141, SP141NP, and S141FcNP in CD-1 mice
were summarized in Fig. 4B.

We further evaluated the /n vivo pharmacokinetics and tumor uptake of SP141FcNP in nude
mice bearing MDA-MB-231 orthotopic tumors. As shown in Fig. 4C, similar plasma
concentration-time profiles to that from CD-1 mice were obtained, suggesting that there
were no significant strain-related variations. In comparison to SP141- and SP141NP-treated
mice, a larger amount of SP141 was measured in the tumor tissues from SP141FcNP-treated
mice (Fig. 4D), indicating that more SP141FcNP entered into the systemic circulation and
reached MDA-MB-231 tumor tissues. These results were supported by the pharmacokinetic
parameters for all three formulations in the tumor-bearing nude mice (Fig. 4E). We also
analyzed the biodistribution of SP141, SP141NP, and SP141FcNP in various tissues,
including liver, lungs, kidneys, spleen, heart, and brain from both CD-1 mice
(Supplementary Fig. 1) and tumor-bearing nude mice (Fig. 5). The significantly increased
SP141 accumulation by Fc-conjugated nanoparticles was observed in all of the tissues. The
pharmacokinetic parameters for all three formulations in the tissues from both CD-1 mice
and nude mice were shown in Supplementary Table 1.

Taken together, these data suggested that the encapsulation of SP141 by Fc-conjugated
nanoparticles substantially improved the oral bioavailability of this compound, extended its
serum half-life and increased its tumor and tissue accumulation /n vivo.

3.5. FcNP formulation enhances tumor uptake and tissue accumulation in vivo

We further investigated the real-time biodistribution and tumor accumulation ability of DiD-
FCcNP in both CD-1 mice and nude mice bearing MDA-MB-231 orthotopic tumors.
Compared with free DiD and non-targeted DiD-NP, the fluorescence signals of DiD-FcNP in
whole bodies of both strains of mice were the highest at all time points post-administration
(Supplementary Fig. 2A and Fig. 6A, respectively). After two hours post-administration,
obviously stronger fluorescent signals were observed in the tumors of mice from DiD-FcNP
group and maintained up to 48 h (Fig. 6A). To compare the real-time tissue accumulation of
DiD in the bodies of the mice, representative mice were selected from each group and
necropsy was conducted at 6 h. Tumor tissues and major organs (brain, lungs, livers, spleen,
kidneys, heart, stomach, and intestine) were collected and examined by the ex vivo imaging.
The strongest fluorescence intensity was found in DiD-FcNP treatment group (Fig. 6B).
Similar results were obtained from CD-1 mice (Supplementary Fig. 2B).

3.6. SP141FcNP displays enhanced efficacy in nude mice bearing orthotopic breast tumors

in vivo

The in vivo efficacy of SP141FcNP was finally evaluated using the MDA-MB-231
orthotopic model of human breast cancer. As shown in Fig. 7A, free SP141 was orally

J Control Release. Author manuscript; available in PMC 2017 September 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qinetal.

Page 11

administrated at dose of 160 mg/kg/day for 24 days and only had moderate inhibitory effects
on tumor growth, resulting in 51% inhibition of the MDA-MB-231 tumor growth. SP141NP
at the same dose level showed better efficacy in inhibiting the tumor growth (68% inhibition
at Day 24). However, treating the tumor-bearing mice with 80 and 160 mg/kg of
SP141FcNP led to approximately 79% and 90% inhibition in tumor growth, respectively.
More importantly, the complete tumor regression was observed in the mice treated with 160
mg/kg of SP141FcNP. In addition, no significant loss of body weight in any treatment
groups was observed during the treatment period, suggesting that these treatments did not
lead to host toxicity (Fig. 7B).

We further evaluated the expression level of MDMZ2 Jjn vivo by immunohistochemical
staining (Fig. 7C) and Western blotting assay (Fig. 7D). Consistent with the /in vitro studies,
nanoparticle encapsulation enhanced the inhibitory effects of SP141 on MDM2 protein
expression, whereas SP141FcNP showed the strongest inhibitory effects. Similar results
were observed in TUNEL staining (Fig. 7C) and p21 protein expression level (Fig. 7D).

SP141FcNP was further examined for the effects on metastasis in mice bearing MDA-
MB-231 orthotopic tumors (Fig. 7E). Necropsy showed that 9 out of 10 mice from control
group developed metastatic lesions in the lungs. The incidence of lung metastasis in the
SP141-treated and SP141NP-treated mice was 4/10 and 2/10, respectively. However, only 1
out of 10 mice treated with 80 mg/kg of SP141FcNP was found to have metastatic lesions
and no lung metastasis was observed in all mice treated with 160 mg/kg of SP141FcNP.
These results were confirmed by histopathological examinations (Fig. 7F). No significant
abnormalities were found in any other major organs (brain, heart, liver, spleen, and kidney)
from these mice, indicating the absence of host toxicity (Fig. 8). These findings indicated
that SP141FcNP exerted enhanced inhibitory effects on both tumor growth and metastasis
without host toxicity.

4. Discussion

In the present study, we developed, characterized, and assessed a biodegradable and
biocompatible nanoformulation with surface functionalization with 1gG Fc portion for oral
delivery of the small molecule MDMZ2 inhibitor SP141. We have demonstrated several
important findings. First, SP141FcNP is developed by employing biodegradable and
biocompatible copolymers and shows a characteristic of biphasic release pattern. Second,
this nanoformulation protects SP141 from premature degradation in the stomach and
increases its transepithelial transport /n7 vitro and in vivo with the involvement of FcRn-
mediated transcytosis. Third, this nano-delivery system improves the cellular uptake of
SP141 jn vitroand in vivovia, at least in part, FcRn-mediated endocytosis. Fourth, the
nanoformulation improves the oral bioavailability of SP141 with extended blood circulation
time and increases its accumulation in tumors and other tissues /n vivo. Fifth, SP141FcNP
displays the enhanced inhibitory effects on tumor growth and metastasis and MDM2
expression /n vitroand in vivo, independent of p53. Finally, SP141FcNP does not show
significant host toxicity at the effective doses. These results demonstrate that Fc-conjugated
nanoparticles are safe and effective for oral delivery of SP141, and may accelerate the
clinical translation of SP141 for breast cancer treatment.
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Oral administration of the anticancer therapeutic agents is always considered as the most
convenient and preferred route for patient care [25, 42]. Administration of chemotherapy via
i.v. injection could lead to high serum concentration above the maximum tolerable
concentration as well as fast excretion from the systemic circulation, resulting in serious side
effects and limited efficacy. Thereby, it is expected that oral chemotherapy can give a stable
and sustained release of the drug and maintain a moderate concentration in the circulation.
However, most anticancer drugs are not orally bioavailable because of their low absorption
and interactive properties in the gastrointestinal tract, such as the newly discovered MDM2
inhibitor SP141 [12, 14]. Due to the low oral bioavailability and instability under harsh
conditions, SP141 showed limited efficacy /n vivo after oral administration. Therefore, new
strategies are urgently needed for oral delivery of this anticancer compound.

Nanotechnology-based drug delivery has been applied to mitigate the difficulty associated
with the administration of conventional anticancer drugs [20, 21, 42]. Several novel and
effective anticancer nanomedicines have been successfully developed, leading to the
optimization of the pharmaceutical action of drugs and the reduction of their adverse effects
[20, 21]. Nevertheless, safe and effective oral anticancer nanomedicine is still lacking. 1gG-
based drugs have been considered as the most successful protein therapeutics due to FcRn,
the central regulator of IgGmediated intestinal absorption and serum persistence [27, 28].
FcRn is involved in regulating autoimmune disease, mucosal immunity, and tumor immune
surveillance, and it has been demonstrated as a molecular target for drug delivery and
therapy [27, 28]. 1gG Fc-fusion is one of the most clinically successful strategies for
extending the protein half-life, and many Fc-fusion proteins in clinical use have a long half-
life of up to 13 days in human bodies [43]. In addition, antibody engineering approaches,
e.g. Abdegs, have been developed to prevent and disrupt the endogenous 1gG-FcRn
interaction, reducing the IgG level in serum for treating autoimmunity [44, 45]. More
recently, 1gG Fc fragment-conjugated nanoparticles have been prepared to increase the oral
bioavailability of insulin as well as its tissue accumulation [33, 34]. However, the
pharmacological properties and therapeutic efficacy of Fc-conjugated nanomedicine in
human cancer models, especially, the tumor uptake and accumulation have not been
determined yet.

Several /n vitroand in vivo studies were employed to demonstrate the pivotal role of Fc-
conjugation in the enhanced intestinal absorption and increased tumor uptake of
SP141FcNP. First, the stability studies of SP141FcNP showed that Fc-conjugation did not
affect the stability and release pattern of the nanoparticles. Second, the results from Caco?2
cell monolayer permeability assay suggested that Fc-conjugation could improve the
intestinal absorption of the intact SP141FcNP. The competition studies using free Fc
fragments further illustrated the critical role of Fc-conjugation in the FcRn-mediated
transcytosis of SP141FcNP. Third, the cellular uptake studies of SP141FcNP in both
intestinal epithelial cells and breast cancer cells indicated that FcRn-mediated endocytosis
contributed to the increased uptake of Fc-conjugated nanoparticles. Fourth, the intestinal
uptake studies using both CD-1 mice and nude mice demonstrated the increased cellular
uptake of FCNP /n vivo, implying that there was no strain-related variation. As seen from the
in vitro studies, the enhanced intestinal absorption was also observed in different /in vivo
models, confirming the importance of Fc-conjugation for this nanoformulation.
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Furthermore, in vitro and in vivo preclinical models of human breast cancer have been
utilized to evaluate the safety, bioavailability, and efficacy of SP141FcNP. To demonstrate
the anticancer efficacy, MCF7 and MDA-MB-231 breast cancer cell lines with different
genetic backgrounds (FcRn, MDM2, and p53) and MDA-MB-231 orthotopic model were
utilized for the /n vitroand in vivo evaluation, respectively. Importantly, SP141FcNP did not
show significant adverse effects /n vivo, as demonstrated in both short-term toxicity studies
using CD-1 mice and efficacy studies in tumor-bearing nude mice. To evaluate the
pharmacokinetics and tumor uptake of SP141FcNP, both CD-1 mice and nude mice bearing
MDA-MB-231 orthotopic tumors were employed for determining the SP141 concentrations
in plasma, tumor, and various tissues after oral administration. The real-time biodistribution
of DiD-FcNP and its tumor and tissue accumulation were examined using /77 vivoand ex
vivo imaging in both CD-1 mice and tumor-bearing nude mice. Our findings demonstrated
that SP141 exerted improved pharmacokinetic and pharmacodynamic profiles in Fc-
conjugated nanoformulation in the treatment of breast cancer, indicating that the nano-oral
delivery system had the capability of overcoming the poor oral absorption of SP141.

Of note, due to the existence of inter-species human 1gG-mouse FcRn interaction, our results
obtained from both CD1 and nude mice may not exactly reflect the pharmacokinetics.
Recent studies have enhanced our understanding of the inter-species 1gG Fc-FcRn
interactions and the underlying mechanisms of action. 1gG from various species, including
human has significant cross-species differences in its interaction with FcRn from other
species [46]. Human FcRn is rigorous in its binding to human 1gG, and it does not interact
well with mouse 1gG [47]. In contrast to human FcRn, mouse FcRn is promiscuous in its
binding specificity and interacts with 1gG from various species, including human 1gG [47].
Although these findings explain the improved oral bioavailability and pharmacokinetics of
human 1gG-based drugs in mice, they also raise questions concerning the validity of using
mouse models to predict the safety, pharmacokinetic, and efficacy of these human 1gG-based
drugs, such as SP141FcNPs. It has been reported that the distinct cross-species behavior of
FcRn (human or mouse) could be attributed to the less exposed position of Trp133 and/or
deletion of residues 85 and 86 (located in the a1 domain) in human FcRn [48-49]. Although
the underlying mechanism is not completely investigated yet, these findings suggest that the
circulating mouse 1gG may not competitively impede the targeting of human 1gG-based
drugs in mouse models /n vivo and these human 1gG-based drugs may not be rapidly cleared
from mouse circulation, leading to a longer half-life and better efficacy than that in human
body. Therefore, the mouse models may not be reliably used to extrapolate the half-life and
efficacy of human IgG-based drugs. Nevertheless, we have carefully considered these
caveats in our studies. The present study was designed to provide proof-of-principle for
developing Fc-conjugated nanoparticle platform for oral delivery of SP141, and these data at
least provided the evidence on the safety and effectiveness of SP141FcNP in preclinical
settings. In addition, in the present study, our /n vivo animal studies have also been
complemented by using human Caco2 and breast cancer MCF7 and MDA-MB-231 cell
lines, which demonstrate the specific interaction between human FCNP and human FcRn as
well as improved cell and tumor uptake and enhanced activity.

Moreover, IgG Fc fusion proteins have high therapeutic potency, long serum half-life and
lack of off-target toxicity [43]. However, considering that FcRn is commonly expressed in
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various normal organs and tissues, the specific Fc-FcRn binding may result in the
exaggerated accumulation and amplified pharmacology of the Fc fusion proteins at these
non-therapeutic sites. The likelihood of adverse effects occurring in these normal organs and
tissues still remains and a thorough understanding of their pharmacological effects and
mechanism(s) of action is certainly required. Therefore, further investigations are needed to
determine the efficacy, safety, and molecular mechanisms of SP141FcNP using more
clinically relevant models of human breast cancer, including FcRn knockout model.

5. Conclusion

Our newly developed SP141FcNP displays controllable nanoformulation properties,
improved oral bioavailability, increased tumor uptake and enhanced efficacy in vitroand in
vivo in comparison to free SP141 and non-targeted SP141NP, with no apparent host toxicity.
While further investigation is needed, these data demonstrate the strong potential of
SP141FcNP as a safe and efficient oral delivery system for SP141, providing critical
information for future clinical translation of this nanomedicine for breast cancer therapy.
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Fig. 1. Design, preparation, and characterization of SP141FcNP
(A) The strategy of constructing SP141-loaded Fc-conjugated nanoparticles (SP141FcNP).

(B) Particle size and size distribution and (C) morphology of non-targeted SP141NP
determined by dynamic light scattering (DLS) and transmission electron microscopy (TEM)
(scale bar, 100 nm), respectively. (D) The cumulative release kinetics of SP141 from
SP141NP in simulated gastric fluid (pH 1.2), simulated intestinal fluid (pH 6.5) without
enzymes and PBS (pH 7.4) (Mean £ SEM; n = 9 for each data point). (E) Particle size and
size distribution and (F) morphology of SP141FcNP determined by DLS and TEM,
respectively. (G) The cumulative release kinetics of SP141 from SP141FcNP in simulated
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gastric fluid (pH 1.2), simulated intestinal fluid (pH 6.5) without enzymes and PBS (pH 7.4)
(Mean = SEM; n = 9 for each data point). The concentration unit for SP141NP and
SP141FcNP is SP141 equivalent in all experiments. All experiments were repeated at least
three times.
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Fig. 2. Permeability and cellular uptake of SP141FcNP
(A) Western blotting analyses of FcRn and MDM2 in normal human breast (HMLE and

MCEF-10A) cell lines, human intestinal epithelial (Caco2) cells and breast cancer (MCF7 and
MDA-MB-231) cell lines. (B) The permeation of free SP141, nontargeted SP141NP, and
SP141FcNP in the absence and presence of free Fc fragments from apical to basolateral
across Caco?2 cell monolayers at 37°C, presented as the amount of Fc (left panel) and SP141
(right panel) transported. (C) Cells were treated with free SP141, SP141NP, and SP141FcNP
in the absence and presence of free Fc fragments for 2 h. SP141 was extracted and quantified
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by an HPLC analysis and normalized to the protein content. The concentration unit for
SP141NP and SP141FcNP is SP141 equivalent in all experiments. (D) Cells were incubated
with free DiD, non-targeted DiD-NP, and DiD-FcNP in the absence and presence of free Fc
fragments for 2 h, then the cellular uptake was monitored by a fluorescence microscope
(scale bar, 5 um). Cell membrane was stained with Cell\Vue® dye and cell nuclei were
stained with DAPI (blue). All assays described above were performed in triplicate and all the
experiments were repeated at least three times (Mean + SEM, n = 9 for each data point, two-
sided Student’s t-test, *P< 0.05, #£< 0.01). (E) Free DiD, DiD-NP, and DiD-FCNP were
administered to fasted CD-1 and nude mice by oral gavage and the intestines were collected
for sectioning and imaging 2 h after administration. The panels are confocal fluorescence
images of 20 um sections of mouse duodenum. Cell nuclei were stained with DAPI (blue).
All images represented the series of sections (scale bar, 50 pm; n = 3 animals per group).
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Fig. 3. In vitro anti-breast cancer activity of SP141FcNP
MCF7 and MDA-MB-231 cells were exposed to various concentrations of SP141, SP141NP,

and SP141FcNP for (A) 72 h for determination of the cell viability; (B) 24 h for cell cycle
distribution assay; (C) 48 h for the cell apoptosis assay; and (D) 24 h to determine the
expression levels of various proteins by Western blotting analyses. The concentration unit
for SP141NP and SP141FcNP is SP141 equivalent in all experiments. All assays were
performed in triplicate, and all the experiments were repeated at least three times (Mean +
SEM, n = 9 for each data point, two-sided Student’s t-test, *£< 0.05, #P< 0.01).
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Fig. 4. In vivo pharmacokinetics and tumor uptake of SP141FcNP
(A) The plasma concentrationtime curves following oral administration of free SP141 (160

mg/kg), non-targeted SP141NP (160 mg/kg), or SP141FcNP (160 mg/kg) to CD-1 mice. (B)
The pharmacokinetic parameters of SP141, SP141NP, and SP141FcNP in CD-1 mice. (C)
The plasma concentration-time curves following oral administration of SP141 (160 mg/kg),
SP141NP (160 mg/kg), or SP141FcNP (160 mg/kg) to nude mice bearing MDA-MB-231
orthotopic tumors. (D) The time-dependent accumulation of SP141, SP141NP, and
SP141FcNP in MDA-MB-231 orthotopic tumors. (E) The pharmacokinetic parameters of
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SP141, SP141NP, and SP141FcNP in nude mice bearing MDA-MB-231 orthotopic tumors.
The concentration unit for SP141NP and SP141FcNP is SP141 equivalent in all experiments
(Mean = SEM, n = 3 animals per group). Gnax, the peak plasma or tumor concentration of
SP141 after administration; Tmax, time to reach Gyax; T1/2, the plasma or tumor half-life of
SP141; AUCy_, the area under the concentration-time curve from the time zero to last
measurable concentration; AUCq_inf, the area under the concentration-time curve from the
time zero to infinite time.
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Fig. 5. Tissue biodistribution of SP141FcNP
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The time-dependent distribution of SP141, SP141NP, and SP141FcNP in various tissues
(liver, lung, kidney, spleen, heart, and brain) of nude mice bearing MDA-MB-231 orthotopic
tumors after oral administration of free SP141 (160 mg/kg), non-targeted SP141NP (160
mg/kg), or SP141FcNP (160 mg/kg). The concentration unit for SP141NP and SP141FcNP
is SP141 equivalent in all experiments (Mean + SEM, n = 3 animals per group).
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Fig. 6. Real-time tumor uptake and tissue biodistribution of FCNP
(A) In vivoimages of time-dependent whole body imaging of nude mice bearing MDA-

MB-231 orthotopic tumors after oral administration of free DiD (0.5 mg/kg), non-targeted
DiD-NP (0.5 mg/kg), and DiD-FcNP (0.5 mg/kg) (n = 6 animals per group). (B) The ex vivo
images of tumors and various tissues from tumor-bearing nude mice that were sacrificed at 6
h after oral administration. The concentration unit for DiD-NP and DiDFcNP is DiD
equivalent in all experiments (n = 3 animals per group).
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Fig. 7. In vivo efficacy of SP141FcNP
(A) Nude mice bearing MDA-MB-231 orthotopic tumors were treated with free SP141 (160

mg/kg), non-targeted SP141NP (160 mg/kg), or SP141FcNP (80 and 160 mg/kg) by oral
administration 5 days/week for 24 days. The control mice received vehicle only. (B) All
mice were monitored for changes in body weight as a surrogate marker of toxicity. At the
termination of the experiments, tumors were excised and cut into multiple sections for (C)
MDM2 immunohistochemical staining and TUNEL staining and (D) Western blotting
analysis for the protein expression of MDM2, p53, and p21. All images represented the
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series of sections (scale bar, 20 um). (E) At the termination of the experiments, the mice
were examined for tumor metastasis to various organs. The numbers of mice with metastasis
to lungs were counted. (F) Lung tissues were carefully removed, and H&E staining of the
paraffin sections of these tissues was performed. Black asterisk indicates the metastatic
lesions (scale bar, 500 um). The concentration unit for SP141NP and SP141FcNP is SP141
equivalent in all experiments (Mean £ SEM, n = 10 for each data point, two-sided Student’s
t-test, *P< 0.05, #P< 0.01).
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sections (scale bar, 50 pm; n = 10 animals per group). The concentration unit for SP141NP
and SP141FcNP is SP141 equivalent in all experiments.
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