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ABSTRACT: The unbiased cytotoxicity and blood—brain
barrier (BBB) impermeability render common chemother-
apeutics nonviable for treating glioblastoma (GBM) patients.
Although rigosertib (RGS), a RAS effector protein inhibitor,
has shown low toxicity to healthy cells and high efficacy
toward various cancer cells by inactivating PI3K-Akt, it hardly
overcomes the BBB barricade. Here, we report that RGS
loaded in apolipoprotein E derived peptide (ApoE)-targeted
chimaeric polymersomes (ApoE-CP) is safe and highly potent
against human GBM in vivo. ApoE-CP exhibited stable
loading of RGS in its lumen, giving RGS nanoformulations
(ApoE-CP-RGS) with a size of 60 nm and reduction-triggered
drug release behavior. Notably, ApoE-CP-RGS induction
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markedly enhanced the G2/M cell cycle arrest and inhibitory effect in U-87 MG glioblastoma cells compared with the
nontargeted CP-RGS and free RGS. The therapeutic outcomes in orthotopic U-87 MG GBM models demonstrated that ApoE-
CP-RGS brought about effective GBM inhibition, greatly prolonged survival time, and depleted adverse effects. Rigosertib
formulated in ApoE-targeted chimaeric polymersomes has emerged as a novel, highly specific, efficacious, and nontoxic

treatment for glioblastoma.

KEYWORDS: brain tumor, RAS inhibitor, nanomedicines, blood—brain barrier, targeted delivery

B INTRODUCTION

Glioblastoma (GBM) remains a formidable malignancy. The
expected survival time for GBM patients receiving state-of-the-
art regimen (including surgical resection, radiotherapy, and/or
temozolomide chemotherapy) is only 15 months.”” The
common chemotherapeutics have typically low blood—brain
barrier (BBB) permeability, rendering them invalid for
treatment of GBM.>™® Interestingly, nanomedicines function-
alized with several ligands such as transferrin,”~'" apolipopro-
tein,'' " glucose,'”"> and angiopep-2 peptides'®™*" are found
to be BBB permeable and can largely enhance the drug
concentration in GBM. Angiopep-2 peptides/paclitaxel con-
jugate has been used to treat brain metastases in phase I
clinical trial.** These BBB-permeable nanomedicines, though
showing enhanced inhibition of GBM, have not negated the
side effects associated with the unbiased cytotoxicity of drug
payloads.

The activation of oncogenic RAS subfamily of genes,
including HRAS, KRAS, and NRAS, is closely associated
with the occurrence of human cancers.”>”* The main three
RAS effector proteins are RAF, RalGDS, and phosphoinosi-
tide-3 kinases (PI3K), which share a common RAS-binding
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domain (RBD) and mediate the activation of the PI3K
pathway.”>*® Rigosertib (RGS, also known as Estybon or ON
01910) is a RAS-mimetic small-molecule inhibitor of the
interactions of RAS and effector proteins by binding to
RBDs.””*® The inhibition of effector proteins will result in the
inactivation of RAF, RalGDS, and PI3K-Akt pathway, and
finally lead to the G2/M cell cycle arrest and apoptosis of
cancer cells.””™"" RGS showed significant growth inhibition
against a host of human cancer cells but low toxicity to healthy
cells,’”**** and is currently under extensive clinical inves-
tigations for indications of myelodysplastic syndrome (phase
I1I, NCT01241500),* squamous cell carcinoma (phase I,
NCT01807546),>* acute myelocytic leukemia (phase I/1I,
NCTO01167166),*® and metastatic pancreatic cancer (phase 111,
NCT01360853).3’6 However, as for most chemical drugs, RGS
has low BBB permeability. GBM is an “undrugable” target®” for
RGS.

Received: June 2S5, 2019
Revised:  June 28, 2019
Accepted: July 1, 2019

Published: July 12, 2019

DOI: 10.1021/acs.molpharmaceut.9b00691
Mol. Pharmaceutics 2019, 16, 3711-3719


pubs.acs.org/molecularpharmaceutics
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.molpharmaceut.9b00691
http://dx.doi.org/10.1021/acs.molpharmaceut.9b00691

Molecular Pharmaceutics

Scheme 1. Rigosertib (RGS)-Loaded ApoE-Targeted Smart Polymersomes (ApoE-CP-RGS) for Safe and Highly Potent
Treatment of Human Glioblastoma (GBM) in Mice”
»
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“ApoE-CP-RGS is made by self-assembly of poly(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane trimethylene carbonate)—spermine
(PEG-P(TMC-DTC)—spermine) and ApoE—PEG—P(TMC-DTC). ApoE ligand affords effective crossing of blood—brain barriers and GBM
membrane via LDLRs (including LDLR, LRP-1, and LRP-2)-mediated transcytosis and endocytosis, respectively. GSH-triggered RGS release from

ApoE-CP-RGS inside the GBM cells leads to an efficient inhibition of interactions of RAS and effector proteins, inducing cell cycle arrest and
apoptosis.

We recently found that apolipoprotein E derived peptide
(ApoE) mediated superior BBB crossing and targeted delivery
of protein toxin to GBM compared with angiopep-2 peptide.”
ApoE peptide has a high affinity to low-density lipoprotein
receptors (LDLRs) family including LRP-1, LRP-2, and
LDLR,* which are overexpressed on not only BBB but also
GBM cells. Here, we report on RGS-loaded ApoE-targeted
chimaeric polymersomes (ApoE-CP-RGS) for safe and highly
potent treatment of human GBM in mice (Scheme 1).
Notably, RGS is an amphipathic small molecule and can hardly
be loaded into vehicles including micelles and polymersomes.
Our results demonstrate that RGS can be efliciently loaded
into ApoE-CP likely through charge interactions with cationic
spermine in the watery core, similar to previous reports for
methotrexate and pemetrexed.*”*' More importantly, ApoE-
CP-RGS displays remarkable anti-GBM efficacy both in vitro

further purified through intensive dialysis against PB (10 mM,
pH 7.4). Nontargeted CP-RGS was similarly acquired through
solvent-exchange method from PEG—P(TMC-DTC)—sper-
mine copolymer only.

The drug-loading content (DLC) and drug-loading
efficiency (DLE) of polymersomes for RGS were measured
by UV—vis absorption at 310 nm. A calibration curve was
obtained by measuring the absorption of the RGS standard
solutions with concentrations of 2—25 ug/mL. The DLC and
DLE were determined according to the following formula

DLC (wt %) = (weight of loaded RGS/total weight of RGS

and polymer) X 100

and in vivo. To the best of our knowledge, this is the first
attempt to treat GBM with RAS inhibitors.

B EXPERIMENTAL SECTION

Preparation and Characterization of ApoE-CP-RGS.
RGS was readily loaded into the aqueous lumen of ApoE-CP
via a solvent-exchange method. Briefly, 4.0 mg of PEG—
P(TMC-DTC)—spermine and ApoE—PEG—P(TMC-DTC) at
a molar ratio of 4:1 was dissolved in 100 uL of
dimethylformamide and then slowly added into 900 uL of
N-(2-hydroxyethyl)piperazine-N’-ethanesulfonic acid (HEPES,
S mM, pH 6.8) containing 444 g of RGS. The as-prepared

mixture solution was further incubated overnight in a shaking
bath (200 rpm, 37 °C, THZ-C, Taicang Instrument, China) to
allow the formation of ApoE-CP-RGS via the self-assembly and
self-cross-linking of the two copolymers. ApoE-CP-RGS was

3712

DLE (%) = (weight of loaded RGS/weight of RGS in feed)
X 100

Considering that ApoE-CP-RGS following systemic admin-
istration would often encounter serum and high volume
dilution in practical application, differential scanning calorim-
etry (DLS) was employed to monitor the size changes of
ApoE-CP-RGS under the two conditions. Briefly, ApoE-CP-
RGS (4.0 mg/mL) was dispersed in HEPES (5.0 mM, pH 6.8)
containing 10% fetal bovine serum (FBS) and then settled
down in a shaker (200 rpm, 37 °C) for 24 h. The size and size
distribution were measured by DLS. Similarly, the size changes
of ApoE-CP-RGS at different concentrations ranging from 1.0
to 0.01 mg/mL were monitored by DLS. To evaluate the
reduction sensitivity, ApoE-CP-RGS was dispersed in a
phosphate-buffered saline (PBS) solution containing 10 mM

GSH. The samples were incubated in a shaker (200 rpm, 37
°C) for 4 h and then measured using DLS.
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BBB Transcytosis of ApoE-CP-RGS in Vitro. To simulate
the in vivo GBM targeting of ApoE-CP-RGS, a bEnd.3 cell
monolayer was established as an in vitro BBB model to assess
the BBB transcytosis capability of ApoE-CP-RGS. Briefly,
bEnd.3 cells (2 X 10° cells/well in the upper chamber
containing 300 uL of Dulbecco’s modified Eagle’s medium
(DMEM) culture medium) were cultured in transwell inserts
on 24-well plates for about 72 h. The complete confluency of
bEnd.3 cells was observed under a microscope, and the
monolayer integrity was assessed by measuring the trans-
endothelial electrical resistance (TEER) using an epithelial
volt-ohmmeter (Millicell ERS, Millipore, MA). The bEnd.3
cell monolayers with a TEER of over 200 €/ cm? were
employed for transport studies.

U-87 MG glioblastoma cells (1 X 10° cells/well in the lower
chamber containing 800 uL of DMEM culture medium) were
seeded in a 24-well transwell substrate for 24 h. CyS5-labeled
ApoE-CP-RGS and CP-RGS (CyS: 200 pug/mL) were added
to the upper chamber containing free FBS DMEM. The
incubation was performed under a shake bath (37 °C, 50 rpm)
for 24 h. Then, the U-87 MG cells of the lower chamber were
collected and analyzed by flow cytometry at the FL2-channel.

Cell Cycle Arrest, Apoptosis, and Cytotoxicity of
ApoE-CP-RGS. The cell cycle arrest capabilities of RGS, CP-
RGS, and ApoE-CP-RGS were assessed in the U-87 MG cells.
Briefly, the cells (1 X 10° cell/well) were seeded in 6-well
plates for 48 h. Then, free RGS, ApoE-CP-RGS, and CP-RGS
were added at a RGS concentration of 0.5 yg/mL, and the cells
were cultured for 4 h. After removing the medium, the cells
were cultured in a fresh medium for additional 20 h. The cells
were digested by trypsin, washed with PBS for three times, and
centrifuged (800 rpm X S min). The collected U-87 MG cells
were slowly added into 95% ethyl alcohol on ice and then
stored in fridge at 4 °C for 24 h. After centrifugation, the cells
were resuspended in propidium iodide (PI) staining solution
containing RNase A under dark condition at 37 °C for 30 min.
The cells at different phases of cell cycle were analyzed using
flow cytometry (488 nm).

To evaluate the cell apoptosis induced by RGS, the U-87
MG cells (2 X 10° cells/well) were seeded in 6-well plates for
24 h. After incubating with different RGS formulations (RGS
concentration: 1.0 ug/mL) for 4 h, the cells were cultured in a
fresh medium for another 44 h. Then, the cells were collected
by treating with 0.25% trypsin, centrifuging at 800 rpm for 5
min, and washing twice with cold PBS. The cells following
resuspension in 300 uL of the binding buffer were treated with
Annexin V-FITC (5 pL) and propidium iodide (PI, S yL) at
room temperature for 15 min in the dark, and the apoptotic
cells were analyzed using flow cytometry within 1 h.

The cytotoxicity of ApoE-CP-RGS was investigated by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays. The U-87 MG cells (3000 cells/well) were
cultured in a 96-well plate using DMEM medium for 24 h.
Free RGS, ApoE-CP-RGS, and CP-RGS were added at various
different RGS concentrations and incubated for 4 h. After
removing the medium, the cells were incubated with fresh
medium for another 68 h and then treated with a MTT
solution at a final concentration of 0.5 mg/mL at 37 °C for 4 h.
The above medium was replaced with dimethyl sulfoxide (150
uL/well), and the absorbance of formazan was acquired by a
microplate reader at 492 nm. The cell viability was defined as
the percentages of viable cells compared with the viability of
the PBS group.
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Western Blot Analysis. The level of p-AKT in the U-87
MG cells was determined by Western blot studies. The U-87
MG cells (2 X 10° cells/well) seeded in a 6-well plate were
cultured for 24 h in DMEM. The RGS-loaded polymersomes
or free RGS (RGS concentration: 1.0 ug/mL) was added. After
4 h of incubation, the cells were cultured in fresh DMEM for
an additional 44 h and then lysed with 1.0 mL of RIPA buffer
(Beyotime Biotechnology, Nantong, China) containing
protease (100X, 10 pL) and phosphatase (100X, 10 uL)
inhibitors. The protein concentration of different samples was
detected through BCA Protein Assay kit. Equal amounts of
total proteins (30—50 ug) from the samples following mixing
with loading bufter were boiled for S min, detached on a 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and
transferred to a poly(vinylidene fluoride) membrane. The
obtained membranes were blocked with 5% bovine serum
albumin for 1 h at room temperature, washed with Tris-
buffered saline/0.1% Tween-20 (TBST), and incubated with
secondary antibodies overnight. The expression of protein was
detected by electrochemiluminescence assay (Millipore, Bill-
erica, MA).

In Vivo Antitumor Experiments. The mice were handled
under protocols approved by Soochow University Laboratory
Animal Center and the Animal Care and Use Committee of
Soochow University. In vivo antitumor efficacy was evaluated
in orthotopic GBM xenografts that were established in two
steps: (i) injection of the U-87 MG cells transformed with
luciferase gene (U-87 MG-Luc) to the flank of BALB/c nude
mice at the density of 2 X 10 cells/mouse to acquire tumor
blocks in one month and (ii) injection of the U-87 MG-Luc
tumor tissue fragments from the flank model using a 24# trocar
into the left skull (2 mm lateral to the bregma and 3 mm
depth) of deeply anesthetized (pentobarbital sodium, 40 mg/
mL, 6—10 pL/g) mice. The day of implanting tumor tissue was
designated as day 0. The mice bearing orthotopic glioblastoma
tumor were divided into six groups (9 mice/group) and
injected intravenously with different formulations (free RGS,
CP-RGS, and ApoE-CP-RGS) via tail vein on day 8. The
administration was once in 3 days for a total four doses. One
mouse from each group was treated via the tail vein with Evans
Blue staining (2%, 4 mL/kg), which was allowed to circulate
for 30 min. Then, the mouse was sacrificed, and the main
organs were excised and fixed in 4% formalin solution.
Hematoxylin—eosin staining (H&E) and dUTP Nick-end
labeling (TUNEL) were made by Servicebio Company
(Shanghai, China), and the images were taken by Inverted
fluorescence microscope (Leica QWin, Germany).

GBM-Targeting Ability Studies. The GBM-targeting
ability studies were carried out by intravenous injection of
Cy5-labeled CP, ApoE-CP, or ApoE-CP-RGS into orthotopic
U-87 MG-Luc tumor-bearing female BALB/c mice (40 ug CyS
equiv/animal). Three mice per group were employed to
validate the results. The fluorescence images of mice were
acquired at 24 h postinjection using an in vivo near-infrared
fluorescence imaging system (Kodak, Rochester, New York)
with Ag, = 747 nm and Ag, = 774 nm.

For ex vivo imaging, glioblastoma-bearing mice were
sacrificed immediately after in vivo imaging to acquire the
brain tissue. The excised brains containing GBM were fixed in
paraformaldehyde (4%, 24 h) and sliced into S pm thick tissue
by Servicebio company (Shanghai, China). The cell nuclei
were stained with 4',6-diamidino-2-phenylindole (1 pg/mL)
for 10 min. The distribution of Cy5-labeled CP, ApoE-CP, and
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ApoE-CP-RGS in tumor area was observed using a confocal
microscope (Leica TCS SP2).

Statistical Analysis. All data were presented as mean +
standard deviation. Statistical comparisons were performed by
analysis of variance among the groups. Statistical significance
was defined as p < 0.05, the survival data were performed by
GraphPad Prism 7 using the Kaplan Meier method (*p < 0.0,
*kp < 0.01, ¥¥*p < 0.01).

B RESULTS AND DISCUSSION

Fabrication of ApoE-CP-RGS and Triggered Drug
Release. ApoE-CP-RGS was easily fabricated by solvent-
exchange method from 20 mol % ApoE—PEG—P(TMC-DTC)
(M, = 5.0—(15.0—2.0) kg/mol) and 80 mol % PEG—P(TMC-
DTC)—spermine (M, = 5.0—(15.0-2.0)—0.2 kg/mol). We
have previously shown that polymersomes containing 20 mol
% ApoE—PEG—P(TMC-DTC) had the best targetability
toward U-87 MG cells and optimal BBB permeability in
vivo.”® ApoE—PEG—P(TMC-DTC) copolymer was acquired
by conjugating ApoE peptide (sequence: (LRKLRKRLL),C)
to Mal-PEG—P(TMC-DTC) through Michael-type addition
reaction. The functionality of ApoE peptide determined by
bicinchoninic acid (BCA) assay was 98%. Of note, it is hard to
find appropriate carriers for RGS due to its small and
amphipathic nature. The amount of RGS loaded in polymer-
somes was determined by UV (310 nm). The results showed
that the drug-loading efficiency (DLE) was about 57 and 52%
for ApoE-CP-RGS and CP-RGS, respectively, at a theoretical
drug-loading content of 10 wt % (Table S1). The decent RGS-
loading level in ApoE-CP is mainly attributed to the strong
ionic interactions and hydrogen bonding between spermine
and RGS. ApoE-CP-RGS exhibited a small size (56—60 nm),
low polydispersity, vesicular structure, and spherical morphol-
ogy (Figure 1A). With disulfide cross-linking, ApoE-CP-RGS
exhibited outstanding colloidal stability with negligible size
changes against 100-fold dilution and 10% fetal bovine serum
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Figure 1. Physiochemical properties of ApoE-CP-RGS. (A) Size
distribution of CP-RGS and ApoE-CP-RGS. Inset: Transmission
electron microscopy image of ApoE-CP-RGS (bar: 100 nm). (B)
Colloidal stability of ApoE-CP-RGS in serum and under 100-fold
dilution. (C) Size changes of ApoE-CP-RGS induced by 10 mM
GSH. (D) GSH-dependent release of RGS from ApoE-CP-RGS and
CP-RGS.
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(FBS) (Figure 1B). In the presence of 10 mM GSH, ApoE-CP-
RGS was enlarged in 4 h resulting from the cleavage of
disulfide cross-links in the membrane of polymersomes (Figure
1C).

In vitro release experiments revealed that over 75% of RGS
was released from both ApoE-CP-RGS and CP-RGS in the
presence of 10 mM GSH within 24 h, although less than 21%
of RGS was released in PBS without GSH under otherwise
same conditions (Figure 1D). These results indicate that
ApoE-CP-RGS could achieve a swift release of RGS under
intracellular reduction environment, as a result of efficient
cleavage of disulfide cross-links in vesicle membrane. The
bioresponsive release of drugs and proteins has been reported
for DTC-containing micelles*>** and polymersomes.**~*°

BBB Transcytosis and Cellular Uptake of ApoE-CP-
RGS in U-87 MG Cells. BBB transport as a critical factor for
glioblastoma therapy was evaluated using an in vitro BBB
model. To facilitate the observation, ApoE-CP-RGS and CP-
RGS were labeled with cyanine 5 (CyS) and denoted as ApoE-
CP-RGS-Cy5 and CP-RGS-CyS, respectively. Interestingly,
ApoE-CP-RGS-Cy5 was observed to efficiently penetrate the
in vitro BBB model formed by brain capillary endothelial cells
and further target the U-87 MG cells. In comparison with CP-
RGS-CyS, ApoE-CP-RGS-CyS displayed a 5.3-fold higher
cellular uptake in the U-87 MG cells within 24 h after passing
through the BBB monolayer (Figure 2A). The remarkably
boosted BBB penetration mainly resulted from the active
targeting of ApoE-CP-RGS-CyS toward low-density lip-
oprotein receptor-related protein family (LDLRs) overexpress-
ing on brain capillary endothelial cells. The excellent
targetability of ApoE to LDLRs has been previously employed
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Figure 2. (A) Cellular uptake behaviors of CP-RGS-CyS and ApoE-
CP-RGS-CyS5 in the U-87 MG within 24 h following the penetration
of the in vitro BBB model (a bEnd.3 cell monolayer) measured by
flow cytometry. (B) Cellular uptake of CP-RGS-CyS and ApoE-CP-
RGS-CyS in the U-87 MG cells within 4 h measured by flow
cytometry. (C) CLSM z-stack images of the U-87 MG cells after 4 h
incubation with ApoE-CP-RGS-CyS and CP-RGS-CyS. The cytoske-
leton was stained with phalloidin-TRITC. Scale bar: 20 ym.
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Figure 3. Cell cycle arrest (A), apoptosis (B), cytotoxicity (C), and Western blot analysis (D) of the U-87 MG cells treated with PBS, free RGS,
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to facilitate the BBB transcytosis of several ApoE-decorated
nanosystems.””*’~*

The cellular uptake profiles of polymersomes in the U-87
MG cells were examined by flow cytometry. Figure 2B shows
that ApoE-CP-RGS-Cy5 had a 3.8-fold higher cellular uptake
in the U-87 MG cells compared with that in CP-RGS-CyS5
following 4 h incubation, indicating that ApoE peptide
facilitates the uptake of polymersomes. Confocal microscopy
revealed that the U-87 MG cells following 4 h incubation with
ApoE-CP-RGS generated a strong CyS fluorescence in the
cytosol, while a weak CyS$ fluorescence was observed in cells
treated with CP-RGS (Figure S1). The z-stack imaging of the
cells following cytoskeleton staining with phalloidin-TRITC
further demonstrated that CyS fluorescence of ApoE-CP-RGS
was derived from the cytosol of the U-87 cancer cells,
signifying significant cellular uptake and endosomal escape
(Figure 2C). The superior endosomal escape of ApoE-CP-
RGS can be attributed to the cationic and hydrophobic
structure of ApoE ((LRKLRKRLL),C) that benefits the
membrane fusion of polymersomes in the endosomal compart-
ment. With similar structure, cationic lipid-based nanoparticles
have been observed to possess high fusogenic activity,
affording efficient cytosolic delivery of siRNA and mRNA in
vivo.”

Cell Cycle Arrest, Apoptosis, and Cytotoxicity of
ApOoE-CP-RGS. RGS has been reported to induce G2/M
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phase arrest of cancer cells by inactivating PI3K-Akt path-
way.””">* The cell cycle arrest effect of ApoE-CP-RGS was
explored in the U-87 MG cells using flow cytometry. Figure 3A
shows that free RGS, CP-RGS, and ApoE-CP-RGS induced
obvious G2/M block at a RGS concentration of 0.5 yg/mL. In
sharp contrast to slightly increased cells at the G2/M stage
from 12 to 19% by free RGS in comparison with the PBS
group, CP-RGS revealed noticeably increased cells at the G2/
M stage up to 30.5%, which was further elevated to 61.2% by
the introduction of ApoE peptide. The remarkable G2/M
phase arrest of the U-87 cancer cells induced by ApoE-CP-
RGS results from its efficient cellular uptake, which induces the
inactivation of PI3K-Akt pathway and therefore apoptosis of
cancer cells. We further evaluated the apoptosis of the U-87
MG cells induced by ApoE-CP-RGS following the PI and
Annexin V double staining. The cells treated with ApoE-CP-
RGS exhibited 72.5% of early apoptosis and 11.6% of late
apoptosis (Figure 3B), which were much higher than those of
the free RGS and CP-RGS groups, supporting an eflicient
cellular uptake of ApoE-CP-RGS and a swift release of RGS in
the U-87 MG cells.

The in vitro anti-glioblastoma effect of ApoE-CP-RGS was
investigated by MTT assays in the U-87 MG glioblastoma
cells. Figure 3C demonstrates that ApoE-CP-RGS induced
remarkable cytotoxicity with a half-maximal inhibitory
concentration (ICg) of 2.8 ug/mL, which was 3.5-fold lower
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Figure 4. Antitumor efficacy of ApoE-CP-RGS in orthotopic glioblastoma xenografts. Different formulations were administrated on days 8, 11, 14,
and 17. (A) Body weight changes of mice with time (1 = 8). (B) Kaplan—Meier survival curve of the orthotopic glioblastoma-bearing mice analysis
(log—rank test): ApoE-CP-RGS (5 mg/mg) vs CP-RGS **¥*p < 0.001 and ApoE-CP-RGS (15 mg/mg) and ApoE-CP-RGS (10 mg/mg) vs CP-
RGS **#¥p < 0.0001. (C) Images of brains harvested from orthotopic glioblastoma-bearing nude mice on day 19 following Evans blue staining.
(D) TUNEL assay of the brain tumor tissue sections harvested from orthotopic glioblastoma-bearing nude mice on day 19 (bar: 100 ym).

than that of CP-RGS. The enhanced cytotoxicity of ApoE-CP-
RGS is mainly derived from ApoE, which boosted the cellular
uptake of RGS-loaded nanosystems. Interestingly, cells treated
with free RGS even at a maximum concentration of 50 yg/mL
still exhibited a high cell viability (~60%) possibly owing to
insufficient cellular uptake, signifying the importance of the
ApoE-CP nanosystem for RGS delivery.

Level of Relative Proteins in Vitro. RGS, a PI3K/AKT
pathway inhibitor, has been reported to be able to interfere
with RAS-binding domains (RBD) and inhibit the p-AKT
protein levels, causing a G2/M cell cycle arrest and
apoptosis.”® Here, we investigated the p-AKT protein levels
of the U-87 MG glioblastoma cells treated with different
formulations using Western blot analysis. Figure 3D demon-
strates significantly downregulated levels of p-AKT protein in
cells treated with free RGS, CP-RGS, and ApoE-CP-RGS at
the RGS concentration of 1 ug/mL. Moreover, the levels of p-
AKT in the cells follow the order ApoE-CP-RGS < CP-RGS <
free RGS. The strongest inhibition of the p-AKT protein levels
by ApoE-CP-RGS leads to its most apoptosis and highest
cytotoxicity in the U-87 MG cells. Notably, PI3K-Akt signaling
pathway has been reported to be closely associated with the
pathogenesis of GBM,”>™>” and GBM patients with enhanced
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activation of PI3K-Akt signaling pathway generally display
worse prognosis.”**” Thus, ApoE-CP-RGS with potent
inhibition of the PI3K-Akt signaling pathway has great
potential in GBM therapy.

Glioblastoma-Targeting Ability in Vivo. The in vivo
accumulation of ApoE-CP in orthotopic GBM was monitored
by near-infrared fluorescence imaging. Figure S2 displays the
clear bioluminescence derived from the U-87 MG-Luc tumor
cells in the brain of all mice, supporting the successful
establishment of the orthotopic GBM. Notably, the mice
administered with CyS-labeled ApoE-CP and ApoE-CP-RGS
demonstrated a strong CyS fluorescence at the GBM sites
(Figure S2), signifying that ApoE confers the polymersomes
with excellent GBM targetability and that RGS loading does
not compromise their tumor targetability. In sharp contrast,
the polymersomes without an ApoE decoration (CP) revealed
little Cy5 fluorescence in the brain. Ex vivo imaging further
confirmed that ApoE-CP and ApoE-CP-RGS induced a much
higher accumulation at the GBM sites than did CP (Figure
S2). Immunohistochemical assay showed that significant
amounts of ApoE-CP and ApoE-CP-RGS infiltrated both the
superfical and central areas of the GBM 24 h after injection,
while CP revealed little accumulation and retention in the
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tumor sites (Figure S3). These results have demonstrated that
ApoE-CP with LDLR targetability facilitates the BBB trans-
cytosis and active drug delivery toward GBM in vivo.

Anti-glioblastoma Effect in Vivo. The anti-glioblastoma
effect of ApoE-CP-RGS was investigated using orthotopic
glioblastoma xenografts in mice. Figure 4A displays that
around 25% body weight loss was detected within 19 day for
PBS, free RGS, and CP-RGS groups due to malignant
glioblastoma invasion. In contrast, the mice treated with
ApoE-CP-RGS had a much less body weight loss, corroborat-
ing the effective growth suppression of glioblastoma.
Consistently, ApoE-CP-RGS displayed a prolonged survival
time than PBS, free RGS, and CP-RGS groups (Figure 4B).
Increasing the dosage of ApoE-CP-RGS induced an extended
survival time, in which the mice treated with ApoE-CP-RGS at
dosages of S, 10, and 15 mg/kg had a medium survival time of
29, 31, and 34.5 day, respectively. On the contrary, the mice
treated with PBS, free RGS, and CP-RGS revealed a medium
survival time of 19.5, 21.5, and 23 day, respectively. Evans blue
staining further showed that the mice treated with ApoE-CP-
RGS had small tumor blocks in the brain, while PBS, free RGS,
and CP-RGS all presented big tumor blocks (Figure 4C). The
superior anti-glioblastoma efficacy of ApoE-CP-RGS is closely
associated with their effective BBB penetration capacity and
tumor targetability. The anti-glioblastoma effect was further
verified by a significantly large area apoptosis in the tumor
tissue of the mice treated with ApoE-CP-RGS using TUNEL
assays (Figure 4D). H&E staining revealed that the mice
treated with ApoE-CP-RGS had little damage on major organs
(heart, liver, spleen, lung, kidney, etc.) (Figure S4). ApoE-CP-
RGS consisting of ApoE that induces BBB transcytosis as well
as selective targetability to glioblastoma, and oncoprotein
inhibitor RGS that affords potent therapeutic efficacy as well as
being nontoxic to healthy tissues holds great potential for safe
and efficient treatment of glioblastoma.

B CONCLUSIONS

We demonstrate that ApoE-functionalized chimaeric polymer-
somes (ApoE-CP) can efficiently encapsulate and transport
oncoprotein inhibitor rigosertib into the orthotopically
xenografted human GBM in mice, achieving high-efficacy
and nontoxic GBM therapy. To the best of our knowledge, this
is the first report on the application of rigosertib for treating
GBM. Unlike previously reported cytotoxic drug nano-
formulations, rigosertib-loaded ApoE-CP has a high selectivity
and causes little side effects. Notably, ApoE-CP not only
enhances the G2/M phase arrest and apoptosis of the U-87
MG cells with rigosertib but also greatly improves the BBB
penetration and glioblastoma targetability of rigosertib in vivo,
significantly prolonging the median survival time of mice. The
combination of BBB-permeable chimaeric polymersomes and
oncoprotein inhibitor appears to be a potential strategy for
glioblastoma-targeted therapy.
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