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A B S T R A C T

Glioblastoma (GBM) is among the most aggressive brain tumors, presenting significant therapeutic challenges 
due to intrinsic and acquired resistance to treatment, alongside a highly immunosuppressive tumor microenvi
ronment (TME). While temozolomide (TMZ) is the standard chemotherapeutic agent with the ability to penetrate 
the blood–brain barrier (BBB), its clinical efficacy is often limited. Here, we report a strategy employing 
Apolipoprotein E (ApoE) peptide-functionalized polymersomes loaded with small interfering RNA (siRNA) tar
geting signal transducer and activator of transcription 3 (Apstat3) to amplify the anti-GBM effects of TMZ and 
immunotherapy. Apstat3 demonstrated small, uniform particle sizes, stability in siRNA encapsulation, and 
effective downregulation of STAT3 and O⁶-methylguanine-DNA methyltransferase (MGMT) in GL261 cells, 
sensitizing these tumor cells to TMZ. The combinatorial approach not only significantly inhibited GBM cell 
proliferation, migration and invasion but also improved dendritic cells (DCs) maturation under TME-mimicking 
environment. In orthotopic GL261 mouse models, intravenous injection of Apstat3 co-administered with oral 
TMZ resulted in a twofold increase in median survival and reshaped the TME. Notably, combined treatment with 
anti-CTLA4 therapy tripled median survival to 64 days, achieving complete remission observed in 20% of the 
mice. This siSTAT3 delivery strategy holds promise for enhancing GBM treatment outcomes.
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1. Introduction

GBM is one of the most aggressive and malignant brain tumors, 
posing formidable challenges for effective drug delivery due to the 
restrictive nature of the BBB [1]. TMZ is a first-line therapeutic agent 
known for its ability to cross the BBB. Traditional TMZ treatment regi
mens include monotherapy, combination with radiotherapy, and com
bination therapy with other drugs. However, clinical outcomes are often 
unsatisfactory, marked by disappointingly low response rates [2]. 
Compounding this issue, many patients develop inherent or acquired 
resistance during treatment, progressively diminishing their respon
siveness to TMZ [3]. A critical mechanism driving this resistance is the 
upregulation of MGMT, a DNA repair enzyme that directly undermines 
TMZ’s therapeutic efficacy [4]. Various strategies have been explored to 
sensitize GBM to TMZ [5–7], including clinical trials utilizing combi
nation therapies such as lomustine with TMZ (NCT01149109) [8], and 
radiotherapy combined with TMZ and ralimetinib (NCT02364206) [9]. 
However, the overall efficacy of these therapies is hindered due to 
inefficient drug penetration across the BBB, inadequate accumulation 
within GBM cells, and a highly immunosuppressive TME.

Moreover, the STAT3 pathway plays a crucial role in mediating 
tumor invasion and immune evasion [10]. Aberrant activation of STAT3 
is frequently observed in GBM cells and within the TME [11]. Targeting 
STAT3 represents a promising strategy to downregulate elevated MGMT 
levels, potentially overcoming drug resistance and enhancing antitumor 
efficacy [12]. Furthermore, STAT3 inhibition in immune cells, particu
larly dendritic cells (DCs), has been shown to significantly improve DC 
maturation and function [13]. Although small-molecule STAT3 in
hibitors have shown some therapeutic potential, their clinical utility is 
often limited by rapid clearance and off-target effects [14]. RNA inter
ference (RNAi) technology using small interfering RNA (siRNA) offers a 
compelling alternative by silencing specific genes. However, effective in 
vivo delivery of siRNA drugs remains a critical challenge [15]. Amphi
philic copolymer-based polymersomes have attracted considerable in
terest as nanocarriers for drug delivery [16], due to their structural 
stability, capacity to encapsulate diverse payloads including siRNA, and 
the ease of functionalization with targeting ligands [17,18].

In this study, we report an approach employing brain-targeted pol
ymersomes to mediate RNAi of STAT3, thereby sensitizing GBM to TMZ 
while reshaping GBM immunosuppressive TME. We formulated ApoE 
peptide-functionalized polymersomes encapsulating siSTAT3 (Apstat3) 
from siSTAT3 and biodegradable dithiolane-containing copolymers, 
poly(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane tri
methylene carbonate)-spermine (PEG-P(TMC-DTC)-Spe) and ApoE 

peptide-functionalized ApoE-PEG-P(TMC-DTC). Apstat3 loads siSTAT3 
through electrostatic interactions between siRNA and the polymersome 
inner shell. The ApoE peptides bind to low-density lipoprotein receptors 
(LDLRs), which are highly expressed in the BBB and GBM cells [19–21], 
facilitating BBB penetration and receptor-mediated endocytosis by 
tumor cells, thus achieving GBM-targeted delivery [22,23]. After 
endocytosis, Apstat3 undergoes reduction-triggered release in the 
cytosol, effectively silencing aberrantly expressed STAT3 in GBM tu
mors. This leads to the downregulation of MGMT and B-cell lymphoma- 
2 (Bcl-2), significantly enhancing the sensitivity of GBM cells to TMZ 
treatment and ameliorating drug resistance while promoting DC matu
ration (Scheme 1). Our in vivo experiments demonstrate that combining 
Apstat3 with TMZ greatly inhibits the progression of orthotopic GL261 
tumors, and further addition of anti-CTLA4 therapy results in significant 
survival extension.

2. Materials and methods

2.1. Materials

Mouse STAT3 siRNA (siSTAT3, SS: 5′-CAGGGUGUCAGAUCA
CAGGGCUAA-chol-3′; AS: 5′-UUAGCCCAUGUGAUCUGACACCCUGAA- 
3′, Genepharma), cy5-labeled STAT3 siRNA (cy5-siSTAT3, Genepharma) 
and ApoE peptide (LRKLRKRLLLRKLRKRLLC, GL Biochem) were 
custom-synthesized with purities over 95%. Primers targeting murine 
STAT3 (Forward: 5′-TGTCAGATCACATGGGCTAAAT-3′; Reverse: 5′- 
GGTCGATGATATTGTCTAGCCA-3′), targeting murine Bcl-2 (Forward: 
5′- GATGACTTCTCTCGTCGCTAC-3′; Reverse: 5′- GAACTCAAA
GAAGGCCACAATC-3′), targeting murine MGMT (Forward: 5′- CAAT
TACATCATCCTCCCACCTTCAG-3′; Reverse: 5′- GCTCGTTCCT 
CCAATCGTATGC-3′) were custom-synthesized (≥95%) by Sangon 
Biotech. Temozolomide (TMZ, ≥98%, aladdin), L-glutathione (GSH, 
Ameresco), β-mercaptoethanol (Thermo), CCK-8 (meilune), RNase A 
(BioFroxx), (4,6-diamino-2-phenylindole (DAPI, Beyotime), CM-DIL 
(Yeasen) and transwell (Corning) were used directly. PEG-P(TMC- 
DTC)-Spe (Mn = 5.0-(14.9–2.0)-0.2 kg/mol) [24] and ApoE-PEG-P 
(TMC-DTC) (Mn = 7.5-(15.2–1.9) kg/mol) [25] were synthesized ac
cording to previous reports. DMEM/F-12 medium (Gibco), DMEM me
dium (Gibco), RPMI-1640 medium (Gibco), fetal bovine serum (FBS, 
Gibco), penicillin-ptreptomycin (Biosharp), accutase (BioLegend), 
matrigel (356231, Corning), lysotracker green DND-26 (Yeasen), RNA- 
easy Isolation Reagent (Vazyme), D-luciferin potassium salt (Mei
lunbio), Evans blue (Beyotime), and transforming growth factor-β (TGF- 
β, TargetMol) were used without further treatment.

Scheme 1. Schematic illustration of the composition of ApoE peptide-functionalized siSTAT3 loaded polymersomes (Apstat3) and the combination with TMZ in 
treating mice bearing orthotopic glioblastoma. The figure was created using BioRender.
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ELISA kits (Invitrogen) of mouse tumor necrosis factor-α (TNF-α) and 
interleukin-6 (IL-6), Pierce™ BCA Protein Assay Kit (Thermo Scientific), 
PAGE Gel Preparation Kit (Epizyme Biotech), enhanced efficient 
chemiluminescence kit (ECL, Absin) were used according to manufac
turer’s protocol. TGF beta 1 Protein (TMPY-00608) were purchased 
from TargetMol. Precision count beads and antibodies including APC- 
Cy7-Zombie NIR™ Fixable Viability Kit, anti-CD16/32-TruStain 
FcX™, FITC-anti-CD11c (N418), PE-anti-CD86 (PO3.1), APC-anti- 
CD80 (16-10A1), PE-anti-F4/80 (BM8), PE-anti-CD4 (GK1.5), PE/Cy7- 
anti-CD8a (53–6.7), and Alexa Fluor 647-anti-foxp3 (150D) were pur
chased from Biolegend. Other antibodies like anti-stat3 (124H6) (9139, 
CST), anti-phospho stat3 (Tyr705) (ab267373, Abcam), anti-MGMT 
(67476, Proteintech), anti-Bcl-2 (4223, CST), HRP labelled goat anti- 
rabbit secondary antibody (GB23303, Servicebio), and Alexa Fluor® 
647 or Alexa Fluor® 488 labelled goat anti-rabbit IgG H&L secondary 
antibody (Invitrogen) were used according to supplier’s protocol.

2.2. Cells and animals

Murine GL261 cells were provided by Prof. Jian Chen from Chinese 
Institute for Brain Research. Mouse microglial cells (BV2) and mouse 
brain microvascular endothelial cells (bEnd.3) were all purchased from 
the Shanghai Cell Bank of the Chinese Academy of Sciences. GL261 and 
BV2 cells were cultured in DMEM medium containing 10% fetal bovine 
serum (FBS) and 1% penicillin–streptomycin. bEnd.3 cells were cultured 
in a special medium from Procell (Pu Nuo Sai). When cell confluence 
reached 80%, cells were digested with 0.25% (w/v) trypsin containing 
0.03% (w/v) ethylenediaminetetraacetic acid (EDTA) before use. Bone 
marrow-derived dendritic cells (BMDCs) were obtained from the femurs 
and tibias of 6–7-week-old female C57BL/6J mice as described [26].

All animal experiments were approved the Animal Care and Use 
Committee of Soochow University (P. R. China) and all protocols for the 
animal studies conformed to the Guide for the Care and Use of Labora
tory Animals (202307A0300, 202503A0568).

2.3. Characterizations

The size, size distribution and zeta potential of polymersomes were 
measured using a Zetasizer Nano-ZS (Malvern Instruments) equipped 
with dynamic light scattering (DLS, with a 633 nm He-Ne laser using 
back-scattering detection) and electrophoresis capillary. The siSTAT3 
loading of the polymersomes were determined by NanoDrop spectro
photometer (Thermo). A gel imaging system (Analytikjena, Germany) 
was used for agarose gel electrophoresis imaging and western blot (WB) 
imaging. An epithelial voltmeter (Millicell-ERS, Millipore) was used for 
detecting the trans-endothelial electrical resistance (TEER) of BBB 
monolayers. A microplate reader (Thermo Scientific Varioskan LUX) 
was used for CCK-8 assays and ELISA assays. Flow cytometry (FC) 
measurements were conducted on a flow cytometer (BD FACS Calibur) 
to study the uptake of polymersomes and stimulation of immune cells. A 
confocal laser scanning microscope (CLSM, TCS SP5, Leica) was used to 
study the endocytosis and endosomal escape of polymersomes. The 
mRNA expression in tumor cells was determined using a quantitative 
real-time polymerase chain reaction (qRT-PCR, CFX Connect™, Bio- 
rad). In vivo and ex vivo imaging were performed using a near- 
infrared fluorescence imaging system (IVIS Lumina II, Perkin Elmer).

2.4. Preparation and characterization of Apstat3

PEG-P(TMC-DTC)-Spe (Mn = 5.0-(14.9–2.0)-0.2 kg/mol) [24] and 
ApoE-PEG-P(TMC-DTC) (Mn = 7.5-(15.2–1.9) kg/mol) [25] were syn
thesized according to our previous reports, and dissolved separately in 
DMF (final polymer concentration of 40 mg/mL) before mixing at a mass 
ratio of 20/80. Typically, for preparing Apstat3 with ApoE peptide 20% 
and siRNA loading content of 10 wt.%, 10 μL polymer mixture was 
added into 390 μL phosphate buffer (PB, 2.0 mM, pH 6.0) containing 40 

μg of siSTAT3 under mild stirring. Following dialysis for 6 h (MWCO 
1000 kDa) to remove organic solvent and unloaded siRNA, Apstat3 was 
obtained and ready for further studies. The non-targeted control, Pstat3, 
was prepared similarly except from PEG-P(TMC-DTC)-Spe only. Cy5- 
labeled Apstat3 was prepared from ApoE-PEG-P(TMC-DTC), PEG-P 
(TMC-DTC)-Spe and PEG-P(TMC-DTC)-Cy5 at a mass ratio of 20/79/1 
for cell entry and BBB transportation studies.

The size distribution, zeta potential, and stability of nano
formulations were determined using Zetasizer Nano-ZS and agarose gel 
electrophoresis, respectively. siRNA concentrations were measured by 
Nanodrop and quantified based on a calibration curve, and drug loading 
content (DLC) and efficiency (DLE) of siRNA were calculated according 
to the formula: 

DLC (wt.%) = (weight of loaded siSTAT3)/(total weight of polymer and
siSTAT3) × 100 

DLE (%) = (weight of loaded siSTAT3)/(weight of siSTAT3 in feed) × 100 

The stability of Apstat3 was investigated during storage at 4 ℃ by 
tracking the changes in size and size distribution using DLS on days 0, 1, 
3, 5, and 7. Changes in size and size distribution of Apstat3 in the 
presence 10% FBS at 48 h incubation were also monitored using DLS. 
Drug loading stability within polymersomes was studied using agarose 
gel electrophoresis. The following samples were applied: free siSTAT3, 
Pstat3, Apstat3, 10 mM GSH-pretreated Apstat3, 10 mM RNaseA- 
pretreated Apstat3. Briefly, 5 μL sample was mixed with 1 μL GelRed 
and loaded into the gels formed by 1 wt.% agarose and TAE. Electro
phoresis was conducted at 80 V for 30 min, and the gels were photo
graphed using gel imaging system.

2.5. Cellular uptake studies

GL261 cells in a 6-well plate (5×105/well) were cultured overnight 
to ca. 70% confluence, and fresh medium was replenished. Cy5-labeled 
Apstat3 and Pstat3 (cy5 conc.: 2 nM) were then added. After 4 h incu
bation, cells were digested with trypsin, centrifuged (1000 rpm, 3 min), 
washed twice with PBS, and resuspended in 300 µL PBS. FC analysis was 
performed within 1 h, and the data was analyzed using FlowJo_V10 
software.

BMDCs freshly obtained were placed in a 6-well plate (1×106/well) 
and added with Cy5-labeled Apstat3 and Pstat3 (cy5 conc.: 2 nM) to 
incubate for 4 h. All cells including loosely adherent cells were collected, 
centrifuged (350 × g, 5 min), and treated as above before FC 
measurements.

2.6. In vitro cytotoxicity assays

GL261 cells in 96-well plates (5×103/well) were cultured overnight. 
10 μL of formulations of free siSTAT3, Pstat3, or Apstat3 were added 
(siSTAT3 concentration: 0, 20, 50, 100 nM). After 48 h incubation, CCK- 
8 assays were performed and absorbance at 450 nm was measured using 
a microplate reader to calculate cell viability (n = 5). Toxicity of Apstat3 
on bEnd3 (1×104/well) and BV2 (1×104/well) cells was investigated 
using the same protocol (n = 5). Toxicity of empty polymersomes, Aps 
and Ps, toward GL261 cells was evaluated with polymer concentrations 
of 0.1, 0.2, 0.5 and 1.0 mg/mL (n = 5). To study the effect of Apstat3 on 
the sensitization of GL261 cells and TMZ-resistant GL261 (GL261-R) 
cells to TMZ, TMZ was added to all wells except PBS group, followed by 
addition of PBS or Apstat3. After incubation for 48 h, CCK-8 assays were 
conducted, and half maximal inhibitory concentrations (IC50) were 
calculated using Prism software (n = 5).

2.7. Cell apoptosis study

GL261 cells in 6-well plates (5×105/well) were cultured for 24 h, and 
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Apstat3, TMZ or TMZ+Apstat3 (siRNA: 50 nM; TMZ: 12.5 μg/mL) were 
added. After incubation for 12 h, culture medium was replaced with 
fresh medium, and cells were further cultured for 36 h. Cells were then 
collected, washed with PBS, and resuspended in 500 μL PBS for Annexin 
V-APC/7-AAD apoptosis assays and measured using flow cytometry (n 
= 3).

2.8. Evaluation of proliferation, migration and invasion of GL261 cells

To assess the effect of Apstat3 on the clone formation, GL261 cells 
seeded into 6-well plates (3000/well) were cultured for 24 h, and free 
siSTAT3, Pstat3, Apstat3, TMZ, or combo group TMZ+Apstat3 (siRNA: 
20 nM, TMZ: 5 μg/mL) were added. After 12 h, culture medium was 
changed with fresh medium, and medium was refreshed every 2 days 
thereafter. After a total of 10 days of culturing, cells were fixed with 4% 
paraformaldehyde for 20 min, stained with 1% crystal violet for 30 min, 
washed, and then photographed (n = 3). Semi-quantitative analysis of 
grayscale was performed using ImageJ software.

To assess cell migration inhibition, GL261 cells in 6-well plates 
(1.5×105/well) were cultured for 12 h, and a scratch wound was created 
by gently scraping the cell layer with the tip of a 1-mL pipette. After 
washing, free siSTAT3, Pstat3, Apstat3, TMZ, or combo group 
TMZ+Apstat3 (siRNA: 20 nM, TMZ: 5 μg/mL) were added. After 12 h 
incubation, culture medium was replaced with fresh medium to incubate 
further for 24 h. Immediately after creating the scratch and after 24 h 
incubation, cells in the scratch area were imaged under a microscope, 
and the width of the scratches was semi-quantitatively using ImageJ 
software (n = 3).

To assess cell invasion inhibition, GL261 cells were pre-treated by 
incubation with free siSTAT3, Pstat3, Apstat3, TMZ, or combo group 
TMZ+Apstat3 (siRNA: 20 nM, TMZ: 5 μg/mL) for 12 h followed by 
medium exchange and further 36 h culture. A transwell model was built 
by plating 200 μL 2.5% matrigel on the insert, on which those pre- 
treated GL261 cells (1×105/mL, serum-free) was seeded in the upper 
chamber, with addition of 600 μL 20% FBS containing medium to the 
lower chamber. After the transwells were incubated for 48 h, the inserts 
were removed, cells that penetrated through the matrigel and insert 
membrane were stained with Calcein AM for 10 min and washed with 
PBS (3×). The inserts with cells were imaged and semi-quantitatively 
using ImageJ software (n = 3).

2.9. In vitro examination of the BBB penetration

A BBB model was built using a transwell with bEnd.3 cell monolayer 
in upper chamber and GL261 cells in the lower chamber. Briefly, bEnd.3 
cells (2.0×105) were seeded on the insert (pore size: 1.0 μm) of the upper 
chamber (200 μL DMEM medium). At the TEER values of the monolayer 
above 200 Ω⋅cm2 (maintained above 200 Ω⋅cm2 throughout the exper
iment), GL261 cells were plated in the lower chamber for 12 h to adhere. 
Then Cy5-labeled Apstat3 or Pstat3 was added to the upper chambers 
(Cy5 concentration: 2 nM). At incubation times of 6, 12, and 24 h, 
GL261 cells were collected, and the mean fluorescence intensity (MFI) of 
Cy5 within GL261 cells was measured by flow cytometry.

2.10. Determination of mRNA and protein expression in GL261 cells

To study gene silencing effect, GL261 cells were cultured in 6-well 
plates (5×105/well) overnight, and incubated with free siSTAT3, 
Pstat3, Apstat3 (siRNA: 50 nM) or PBS (n = 3). After 12 h, culture me
dium was replaced with fresh medium and cells were further cultured 
for 36 h. Cells were harvested and total RNA was isolated and purified 
from cell lysate using RNA-easy Isolation Reagent. mRNA expression of 
STAT3 and MGMT was determined using qRT-PCR (glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) as internal reference) and analyzed 
using 2–ΔΔCT method.

To study the effect of Apstat3 on sensitization of GL261 cells to TMZ 

therapy, GL261 cells were treated with free siSTAT3, Pstat3, Apstat3, 
TMZ, or TMZ+Apstat3 (siRNA: 50 nM, TMZ: 12.5 μg/mL, n = 3) and the 
following procedures were the same as above to measure mRNA ex
pressions of STAT3, MGMT, vascular endothelial growth factor (VEGF), 
phosphoinositide 3-kinase (PI3K), matrix metalloproteinase-9 (MMP9), 
and matrix metalloproteinase-2 (MMP2).

For WB analysis of protein expression, GL261 cells were treated the 
same as above and then lysed with RIPA. Proteins were isolated, purified 
and quantified before electrophoresis (20 μg) using standard procedure 
(PowerPac™, n = 3). Primary antibodies targeting STAT3, pSTAT3, 
MGMT, and Bcl-2, and HRP-labeled secondary antibody were used. Band 
images were taken using chemiluminescence detector and quantified 
using ImageJ software (GAPDH as internal reference).

2.11. Cultivation of TMZ-resistant GL261 cells (GL261-R)

GL261-R cells was conducted according to the reference [21] with 
modifications. GL261 cells (2.0×106/well) in cell culture dishes were 
sequentially incubated with TMZ at 1, 2, 5, 10, and 20 μg/mL. At each 
step cells were cultured for 2–3 passages until cells grew to the same 
density as GL261 cells without treatment. TMZ concentration of 20 μg/ 
mL was selected for further culturing stable GL261-R. The cells needed 
to be regularly checked to ensure the maintenance of the drug resis
tance. GL261-R cells were then subjected to CCK-8 assays to assess the 
drug resistance, to WB experiments to evaluate the upregulation of 
STAT3 genes in these cells and the effect of transfection efficacy of 
Apstat3 in these GL261-R cells.

2.12. Maturation and transfection efficacy in BMDCs

To study the stimulation of DCs, BMDCs in a 12-well plate (1×106/ 
well) were incubated with PBS, free siSTAT3, Pstat3, or Apstat3 (siRNA: 
100 nM, n = 3). After 24 h, cells were collected, centrifuged (350 × g, 5 
min), and washed twice with PBS. Cells were then labeled by with FITC- 
αCD11c, APC-αCD80, and PE-αCD86 antibodies at 4 ◦C in the dark for 
30 min. Following another wash with PBS, cells were resuspended in 
300 μL of PBS, and measured using flow cytometry to quantify 
CD11c+CD80+CD86+ mDCs.

To study the downregulation of STAT3 gene and protein in BMDCs 
by siSTAT3 formulations, BMDCs in a 12-well plate (1×106/well) were 
incubated with PBS, free siSTAT3, Pstat3, or Apstat3 (siRNA: 100 nM, n 
= 3) for 48 h. The cells were then treated and measured as in section 
2.10.

To investigate the STAT3 mRNA level within DCs in a tumor 
microenvironment (TME) mimicking condition, a transwell model was 
built by plating GL261 cells (5×105/mL) in the upper chamber and 
BMDCs (1×106/mL) in the lower chamber. TFG-β (10 ng/mL) was then 
added to both chambers to simulate TME conditions. After co-incubation 
for 12 h, the upper chambers were removed, and Apstat3, Pstat3 (siRNA: 
100 nM) or PBS were added to the lower chambers to incubate for 48 h. 
DCs were taken and STAT3 mRNA expression was determined (n = 3).

2.13. Competitive endocytosis of Apstat3 by BMDCs and tumor cells

GL261 cells plated in 6-well plate (1×106 cells) were stained with 
CM-DIL (10 mM) for 2 h in the dark and cultured for 24 h to allow 
adherence. Then BMDCs (5×105 cells) were mixed, and Cy5-labeled 
Apstat3 and Pstat3 were added. After co-incubation for 4 h, cells were 
collected and stained with FITC-αCD11c antibody and PE/Cy7-αCD80 
antibody by incubating at 4 ◦C for 30 min in the dark. Cells were subject 
to flow cytometry measurement (n = 3), and culture medium was taken 
for ELISA measurements of IL-6 and TNF-α concentrations (n = 3).

2.14. In vivo imaging and ex vivo imaging of mice

To evaluate the GBM-targeting property of Apstat3 in vivo, three 
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days after GL261 tumor implantation, mice were intravenously admin
istered with 200 μL of Cy5-labeled Apstat3 or Pstat3 (0.5 μg cy5 per 
mouse). In vivo imaging of the mouse heads was performed at 4, 8, and 
12 h post-injection. At 12 h, mice were euthanized, and the brains were 
harvested for ex vivo imaging.

To visualize the therapeutic efficacy of TMZ+Apstat3 treatment in 
mice bearing orthotopic GL261 tumors expressing luciferase (Luc), on 
days 3, 5, 7, 9, and 11 post tumor-implantation, the mice were injected 
with 200 μL of Apstat3 (4 mg/kg (mpk)) via tail veins and then TMZ (40 
mpk) was given orally (n = 3). Mice received PBS were used as control 
group. On days 3, 7, 11, and 15, the tumor growth kinetics were assessed 
by intraperitoneal injection of D-luciferin potassium salt (75 mpk), fol
lowed by scanning of mouse heads using an in vivo imaging system. On 
day 15, mice were quickly intravenously administered 200 μL of Evans 
blue (0.5%). Mice were euthanized, and brain tissues were harvested 
and photographed using a smartphone camera.

2.15. Anti-tumor efficacy of Apstat3 in combination with TMZ in 
orthotopic GL261 model

All animal experiments were approved by the Animal Care and Use 
Committee of Soochow University (P. R. China) and all protocols for the 
animal studies conformed to the Guide for the Care and Use of Labora
tory Animals (approval numbers: 202307A0300, 202503A0568).

Orthotopic GL261 tumor-bearing mouse models were established in 
female C57BL/6 mice from Charles River Company (6–8 weeks old, 
Beijing) by stereotactic injection of GL261 cells (1×105 cells in 5 μL cold 
PBS containing 50% Matrigel) into the left striatum (2.0 mm lateral, 0.5 
mm posterior, 2.5 mm deep) [20]. The syringe was held still for 5 min 
post-injection. The day of injection was designated as day 0. Three days 
after GL261 tumor implantation, to preliminarily study the efficacy of 
the therapy (n = 3), on days 3, 5, 7, 9, and 11, the mice were injected 
with 200 μL of PBS or Apstat3 (4 mpk) via tail veins injection. TMZ (40 
mpk) was administered orally for 5 consecutive days from day 3 to day 
7. Body weights of the mice were monitored every 2 days, and the 
survival was recorded.

To evaluate the effect of Apstat3 doses in the combo group 
TMZ+Apstat3, on days 3, 5, 7, 9, and 11, the mice were i.v. injected with 
Apstat3 (1, 2 or 4 mpk) and then TMZ (40 mpk) was given orally as 
above (n = 5). To further investigate the boosting effect of anti-CTLA4 
antibody on mouse survival, the mice were treated with Apstat3 (i.v., 
4 mpk) and TMZ (p.o., 40 mpk) as above and i.v. injected with anti- 
CTLA4 (1 mpk) on days 7, 9, and 11 (n = 5). Body weight and sur
vival of the mice were similarly recorded.

2.16. Statistical analysis

GraphPad Prism 8.0 was used for statistical analysis. Data was pre
sented as mean ± standard deviation. Significant differences among 
groups were determined using one-way ANOVA with Tukey’s multiple 
comparison tests. Kaplan-Meier survival rates were analyzed using the 
log-rank test for comparison. Statistical significance was defined as 
follows: * p < 0.05 means significant difference, ** p < 0.01, *** p <
0.001 and **** p < 0.0001 indicate highly significant difference.

3. Results and discussion

3.1. Preparation of ApoE peptide-functionalized siSTAT3-loaded 
polymersomes (Apstat3)

The formulation of Apstat3 was achieved by combining PEG-P(TMC- 
DTC)-Spe and ApoE-PEG-P(DTC-TMC) (mass ratio: 80/20) in a phos
phate buffer containing siSTAT3, resulting in a highly reproducible 
preparation method (Fig. 1A). The siRNA loading efficiencies exceeded 
90% at theoretical loading contents below 10 wt.%, with the resulting 
polymersomes exhibiting sizes ranging from 52 to 60 nm with narrow 

distributions and neutral zeta potential (Fig. 1B, Table S1). The high 
siRNA loading capability can be attributed to the electrostatic in
teractions between siSTAT3 and the spe component of the inner shell, in 
addition to the protective role of the crosslinked membrane against 
premature release [27]. For subsequent studies, Apstat3 loaded with 10 
wt.% siSTAT3 was used unless otherwise stated. A non-targeting control, 
Pstat3, was prepared using only PEG-P(TMC-DTC)-Spe through the same 
methodology to facilitate comparative analyses. Size tracking results 
using DLS revealed the excellent colloidal stability of Apstat3, showing 
minimal variations in size and size distribution when stored at 4 ◦C over 
a period of 7 days, and when incubated in a 10% serum buffer for 48 h 
(Fig. 1C, D). Additionally, agarose gel electrophoresis confirmed the 
stability of Apstat3, revealing negligible leakage of siRNA and robust 
protection against enzymatic degradation. Importantly, the release of 
siRNA was triggered under cytosol-mimicking reductive conditions (pH 
7.4, 10 mM GSH) (Fig. 1E–G). This specific release profile is particularly 
advantageous for subsequent in vitro and in vivo applications, as it fa
cilitates controlled siRNA delivery in response to the intracellular 
environment, enhancing therapeutic efficacy against GBM.

3.2. Endocytosis, STAT3 silencing and BBB penetration of Apstat3

To investigate the endocytosis and intracellular release of Apstat3, 
Cy5-labeled Apstat3 was applied in GL261 cells. Flow cytometry anal
ysis displayed that after 4-h incubation, the fluorescence intensity of 
Apstat3 group was 5.8-fold greater than Pstat3 group (Fig. 2A). This 
observation was further corroborated by CLSM results, suggesting that 
ApoE peptide effectively promotes endocytosis via receptor-ligand in
teractions. ApoE peptide was reportedly to target LDLRs, including LRP- 
1, LRP-2 and LDLR [28], which are overexpressed in GBM cells [19]. 
CLSM images also demonstrated a significant reduction in the co- 
localization of polymersome (Cy5) and endosomes (stained by Lyso
tracker), particularly in the Apstat3 group (Fig. 2B). This reduced co- 
localization indicates improved endosomal escape, an essential prereq
uisite for the silencing of the target STAT3 gene in cytoplasm.

The effects of Apstat3 on STAT3 and MGMT expressions in GL261 
cells were then studied. The qRT-PCR results demonstrated that free 
siSTAT3 had no effect compared to PBS control, while Pstat3 signifi
cantly reduced STAT3 mRNA levels (*) and Apstat3 further enhanced 
this silencing effect (*) (Fig. 2C). WB analyses corroborated these find
ings, revealing that Apstat3 markedly decreased STAT3 expression 
compared to free siSTAT3 and Pstat3 groups (Fig. 2D). Moreover, 
treatment with Apstat3 resulted in a downregulation of MGMT at both 
mRNA and protein levels (Fig. 2C, D). This downregulation may be 
attributed to the well-documented interactions in which STAT3 activa
tion promotes MGMT upregulation [29]. Given that MGMT is a principal 
drive for acquired resistance to TMZ [30], the reduced expression of 
MGMT via Apstat3 treatment validates its potential for enhancing 
combination therapy with TMZ.

The CCK-8 assay results demonstrated that Apstat3 induced a sig
nificant cytotoxicity in GL261 cells at siSTAT3 concentration of 50 and 
100 nM, contrasting with the non-toxicity observed with free siSTAT3 
and Pstat3 (**, Fig. 2E). This cytotoxic effect is likely due to the targeted 
downregulation of STAT3 pathway, which is crucial for tumor prolif
eration and invasion [31]. Importantly, Apstat3 exhibited no adverse 
effects on bEnd.3 and BV2 at the same concentrations (Fig. 2F), and 
empty vehicles showed no toxicity (Fig. 2G). These results confirm that 
the cytostatic effect of siSTAT3 delivered by Apstat3 selectively induces 
apoptosis in GL261 cells.

To evaluate the BBB penetration capabilities of Apstat3, we 
employed a bEnd.3 monolayer model in a transwell system. Apstat3 was 
added to upper chamber, with GL261 cells seeded in lower chamber. 
Flow cytometry analysis revealed that the uptake of Apstat3 in GL261 
cells illustrated ca. 1.6, 3.8, and 4.0-fold increases after 6, 12, and 24 h, 
respectively, compared to Pstat3 group (Fig. 2H). This enhanced BBB 
penetration of Apstat3 is attributed to the targeting ability of ApoE 
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peptide to LDLRs present on both the BBB and GL261 cells, holding 
promise for improving the therapeutic efficacy of GBM treatments.

3.3. Apstat3 sensitized GL261 cells to TMZ therapy by downregulating 
STAT3 and MGMT

The abnormal activation of the STAT3 pathway in GBM is known to 
contribute to resistance against TMZ therapy [32]. The ability of Apstat3 
to effective knockdown STAT3 and MGMT positions it as a promising 
candidate for enhancing the efficacy of TMZ, particularly in the context 
of drug resistance driven by MGMT upregulation. To assess the syner
gistic potential of TMZ and Apstat3, CCK-8 assays were conducted, 
illustrating that the combination therapy (TMZ+Apstat3) induced the 
most potent cytotoxicity with the lowest IC50 (49.8 μg/mL), and a 
combination index (CI, 0.46) in GL261 cells, indicative of a strong 
synergistic effect (Fig. 3A). The order of administration of TMZ and 
Apstat3 appeared to have no influence on the cell viability (Fig. 3B), 
suggesting that both agents can be combined flexibly in therapeutic 
applications. Furthermore, TMZ+Apstat3 treatment caused a marked 
increase in apoptotic cell populations (32.1%), significantly higher than 
Apstat3 (17.1%) and TMZ (10.2%) monotherapies (**, Fig. 3C), further 
highlighting the synergistic nature of this therapeutic combination.

Subsequently, we explored the effects of TMZ+Apstat3 therapy on 
the expression of genes associated with TMZ resistance and apoptosis, 
specifically STAT3, MGMT, and Bcl-2 in GL261 cells. qRT-PCR results 
revealed that TMZ+Apstat3 treatment notably inhibited the expression 
of all three genes, demonstrating a significantly stronger effect than 
either TMZ alone, which showed no effect, or the Apstat3 monotherapy, 
which elicited moderate downregulation (*, Fig. 3D). WB confirmed that 
TMZ + Apstat3 therapy elicited superior knockdown of STAT3, pSTAT3, 
MGMT and Bcl-2 (Fig. 3E). Particularly, the silencing effects of Bcl-2 and 
MGMT were very significant compared to monotherapies. The inhibition 
of STAT3 pathway consequently blocked the activation of Bcl-2 and 
VEGF, while also leading to reduced MGMT expression, corroborating 
findings from Kang et al. [33]. The results validate that the TMZ+Ap
stat3 therapy possesses the ability to enhance the efficacy of TMZ and 
promote tumor cell apoptosis, effectively mitigating TMZ resistance.

Given that drug resistance often occurs in GBM patients receiving 
TMZ therapy, we then investigated the efficacy of our therapy in GL261- 
R cells. The resistant cells often show increased MGMT expression that in 
turn accelerate the degree of drug resistance [34]. These GL261-R cells 
exhibited heightened expressions of MGMT, STAT3, pSTAT3 and Bcl-2 
compared to the parental GL261 cells, as demonstrated by WB anal
ysis (Fig. 3F). Notably, TMZ monotherapy exhibited 2.6-fold increased 

Fig. 1. Characterization of Apstat3. (A) Preparation of Apstat3. (B) Size and size distribution of empty polymersomes Ps and Aps, and Apstat3 loaded with 2%, 5%, 
and 10% siSTAT3, as measured by DLS. Changes in size distributions of Apstat3 (C) after 7-day storage at 4 ◦C or (D) in 10% serum-containing phosphate buffer for 
48 h. Gel electrophoresis analysis of (E) siSTAT3 loading and leakage of Apstat3 (drug loading of 10 wt.%), and (F) protection of siSTAT3 by polymersomes after 
treatment with ribonuclease A (10 mM, 1 h) and (G) triggered release by GSH (10 mM, 6 h).
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IC50 in GL261-R cells relative to the normal GL261 cells (Fig. 3G), 
confirming the development of TMZ resistance. Remarkably, the 
TMZ+Apstat3 treatment could not only greatly inhibit the expression of 
pSTAT3, Bcl-2 and MGMT in GL261-R cells (Fig. 3F), but also signifi
cantly reduced the IC50 by threefold (Fig. 3H). These findings illustrate 
the potential of TMZ+Apstat3 therapy in overcoming TMZ resistance in 
GBM treatment.

3.4. Inhibition of proliferation, migration and invasion by TMZ+Apstat3 
in GL261 cells

To further explore the therapeutic potential of the TMZ+Apstat3 
combination, we evaluated its effects on the proliferation, migration and 
invasion of GL261 cells. The upregulation of STAT3 and MGMT has been 
implicated in the growth and invasion behavior of GBM cells, contrib
uting to their resistance to conventional therapies [35]. Clone formation 
assays demonstrated that neither free siSTAT3 nor Pstat3 greatly influ
enced the proliferative capacity of GL261 cells. In contrast, both Apstat3 

and TMZ monotherapies could significantly inhibit clone formation 
(****), likely attributable to their ability to induce tumor cell death and 
decrease the expression of stemness and proliferation-related genes. 
Remarkably, TMZ+Apstat3 treatment further significantly suppressed 
the clone formation (**, Fig. 4A).

Wound-healing assays were conducted to assess cell migration. Ob
servations showed rapid migration of cells in the PBS group, with 
complete scratch closure within 48 h. Treatments with free siSTAT3, 
Pstat3, Apstat3 or TMZ inhibited cell migration to varying degrees; 
however, TMZ+Apstat3 therapy significantly suppressed the cell 
migration preventing scratch healing (****, Fig. 4B). Given the invasive 
nature of GBM, characterized by its capacity to infiltrate the surrounding 
stroma and normal tissues, we employed a transwell invasion model 
utilizing a stroma-mimicking gel-coated insert to assess the invasion 
capability of GL261 cells under the influence of TMZ+Apstat3. Live/ 
dead staining results revealed that the number of viable cells traversing 
the stroma was moderately reduced in the free siSTAT3, Pstat3, Apstat3 
or TMZ groups compared to PBS control. Remarkably, the TMZ+Apstat3 

Fig. 2. Endocytosis, gene silencing, cytotoxicity and BBB transportation of Apstat3 in vitro. (A) Endocytosis and (B) endosomal escape of Cy5-labeled Apstat3 at 4 h 
incubation with GL261 cells with Pearson coefficient of Cy5 and lysotracker green analyzed using ImageJ (scale bar: 10 μm). Expressions of (C) mRNA (n = 3) and (D) 
protein of STAT3 and MGMT in GL261 cells after 12 h treatment with Apstat3, Pstat3 or free siStat3 (GAPGH as internal reference). Cytotoxicity of Apstat3 toward 
(E) GL261 cells, (F) bEnd.3 and BV2 cells, as well as (G) cytotoxicity of empty polymersomes, Ps and Aps, toward GL261 cells at 48 h incubation (n = 5). (H) Mean 
fluorescence intensity (MFI) of Cy5-labeled Apstat3 and Pstat3 within GL261 cells in the lower chamber of a transwell model (Apstat3 initially added into the upper 
chamber) at 6, 12 and 24 h (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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group exhibited the least number of cells invading through the stroma, 
echoing its superior inhibitory efficacy in cell invasion (Fig. 4C).

We further investigated the expression levels of genes associated 
with proliferation, migration, and invasion, specifically VEGF, PI3K/ 
AKT, MMP9, and MMP2, through qRT-PCR experiments. Among three 
siSTAT3 formulations, Apstat3 exhibited the highest capacity for 
downregulating these genes. TMZ alone had low or no influence on 
them. In contrast, TMZ+Apstat3 therapy resulted in a further reduction 
in the expression of four genes, particularly for MMP2 and MMP9 
(Fig. 4D). Cell proliferation is intricately regulated by specific signaling 
pathways and proteins like VEGF, PI3K/AKT [36]. MMP2 is particularly 
involved in tumor-related angiogenesis by releasing pro-angiogenic 
factors, and MMP9 promotes tumor invasion and metastasis by 
decomposing the extracellular matrixes [37]. The observed down
regulation of these pathways and genes by TMZ+Apstat3 treatment 
underscores its superior inhibitory effect on the proliferation, migration, 
and invasion of GBM cells, which are critical determinants of patient 
prognosis.

3.5. Modulation of immune responses by Apstat3 in BMDCs

Apstat3 may serve as a potent stimulator of immune responses, 
particularly by influencing DCs and regulatory T cells (Tregs), given the 

crucial role of STAT3 in these immune cell types [38]. Aberrant acti
vation of STAT3 in DCs has been reported to suppress their anti-tumor 
capability by inhibiting maturation and antigen presentation [39]. To 
investigate the effects of Apstat3 on BMDCs, we analyzed their uptake 
and maturation after exposure to Apstat3. Flow cytometry results 
showed that Apstat3 and Pstat3 exhibited little difference in the entry 
into BMDCs (Fig. 5A), and similarly enhanced stimulation capacity with 
a proportion of mature DCs (mDCs, CD11c+CD80+CD86+) of ca. 33.3%, 
which was significantly higher than PBS and free siSTAT3 groups (*, 
Fig. 5B). The great activation of BMDCs is likely attributed to the 
downregulation of STAT3, as confirmed by WB analyses that demon
strated effective STAT3 silencing. While Apstat3 illustrated superior 
silencing capacity compared to Pstat3 (Fig. 5C), owing to its enhanced 
endosomal escape ability in DCs.

Within TME, STAT3 is often constitutively activated in DCs, leading 
to reduced expression of major histocompatibility complex II and cos
timulatory molecules, thereby impairing antigen-presenting functions 
and contributing to the overall immunosuppression characteristic of 
GBM [13,40]. In light of this, inhibiting STAT3 in DCs not only promotes 
their maturation but also enhances the effector functions of DCs and T 
cells, collectively aiding in halting tumor progression. To study the ef
fect of Apstat3 on the STAT3 expression of DCs under TME-mimicking 
conditions, we established a transwell co-culture model involving 

Fig. 3. Sensitization of GL261 cells by Apstat3 to TMZ treatment. Viability of GL261 cells treated with (A) TMZ alone and its combination with Apstat3, or (B) 
TMZ+Apstat3 combination therapy with various treatment orders (n = 5). (C) Apoptosis analysis of GL261 cells induced by TMZ+Apstat3 at 48 h incubation (n = 3). 
Expression levels of (D) mRNA (n = 3) and (E) protein of STAT3, pSTAT3, Bcl-2 and MGMT in tumor cells as analyzed by qRT-PCR and WB, respectively. (F) 
Expression of STAT3, pSTAT3, Bcl-2 and MGMT in TMZ-resistant GL261-R cells after treatment with Apstat3. (G) Viability of GL261 cells and GL261-R cells treated 
with free TMZ for 48 h (n = 5). (H) Viability of GL261-R cells at 48 h incubation with TMZ and TMZ+Apstat3 (n = 5).
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GL261 cells and BMDCs stimulated with TGF-β (Fig. 5D). Co-cultured 
BMDCs induced significantly increased STAT3 mRNA levels compared 
to cells without stimulation of GL261 cells (**), underscoring the 
importance of STAT3 down regulation in TME. Remarkably, the treat
ment with Apstat3 substantially downregulated STAT3 mRNA (**, 
Fig. 5D).

Tumor cells and their microenvironment can affect the immune re
sponses, converting some immune cells into suppressive cells (such as 
Tregs) and thereby weakening the immune response [41]. To further 
study the competitive uptake of Apstat3 in a model that simulates the 
TME, we co-incubated BMDCs with CM-DIL-stained GL261 cells for 4 h, 
followed by adding Cy5-labeled Apstat3 or Pstat3. After 4 h, Cy5+

percentages in both GL261 cells and BMDCs as well as DC activation 

were measured using flow cytometry (Fig. 5E). The analysis showed 
high Cy5+ proportions in both DC and tumor cell populations in quad
rants Q1, Q2, and Q4 (Q1 represents BMDCs that took up GL261 cells), 
indicating efficient endocytosis of the nanoformulations by both cell 
types (Fig. 5F). Importantly, Apstat3 demonstrated notably higher 
endocytosis efficiency compared to Pstat3 (*, Fig. 5G).

Moreover, the proportions of mature DCs (mDCs, CD11c+CD80+) in 
Apstat3-treated group was significantly greater than Pstat3 group (**, 
Fig. 5H), suggesting that the direct effects of Apstat3, in conjunction 
with its indirect effects on tumor cells, collectively contributed to the 
activation of DCs. Furthermore, the Apstat3 treatment secreted ca. 6- 
fold proinflammatory cytokines, including IL-6 and TNF-α (Fig. 5I). 
Such cytokines not only exert cytotoxic effects on tumor cells but may 

Fig. 4. Effects of Apstat3 and TMZ+Apstat3 on the proliferation, migration and invasion of GL261 cells (n = 3). (A) Images and analyses of the formation clones at 
10-day incubation. (B) Images and analysis of wound healing at 48 h incubation (scale bar: 50 μm). (C) Images and analyses of live cells transported through the gels 
of the insert in a transwell model at 24 h incubation (scale bar: 50 μm). (D) Expression of VEGF, PI3K, MMP9 and MMP2 mRNA in GL261 cells at 12 h incubation.
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also serve as chemokines to recruit additional immune cells to TME, 
halting tumor progression [42]. These results confirm that the aber
rantly activated STAT3 in DCs within TME can be downregulated by 
Apstat3, thus reshaping the immunosuppressive TME, besides direct 
effect on the tumor cells.

3.6. Anti-GBM activity of TMZ+Apstat3 in orthotopic GL261 tumor 
model

The in vivo anti-GBM effects of TMZ+Apstat3 therapy were pre
liminarily studied in an orthotopic GL261 mouse model established 
through stereotactic injection of GL261 cells in the brains of C57BL/6 
mice [43]. This orthotopic model better recapitulates the human glioma 
microenvironment by maintaining the BBB structure as compared to 
subcutaneous models, enabling more clinically relevant assessment of 
drug efficacy and disease progression. GL261 cell line, derived from 
C57BL/6 mice, exhibits high host compatibility and reliable 

tumorigenicity, particularly suitable for evaluating tumor-immune in
teractions and therapeutic efficacy in immunotherapy. Firstly, in vivo 
imaging of orthotopic GL261 models revealed that Apstat3 accumulated 
significantly higher in GBM tumors compared to Pstat3 (Fig. S1A, B), 
confirming the ability of Apstat3 to effectively cross the BBB and target 
brain tumors. In a subsequent preliminary study, at three days of post- 
inoculation, mice were administered a regimen of five oral doses of 
TMZ 40 mpk and five intravenous injections of Apstat3 at 4 mpk 
(Fig. S2A). TMZ was administered at a human-equivalent dose, con
verted from clinical dose in patients. Monitoring body weight changes of 
these mice is critical, as significant weight loss often precedes severe 
health deterioration and mortality within 48 h [20]. Here, body weights 
of PBS and Apstat3 groups declined by day 16, yielding a median sur
vival time (MST) of 18 days. TMZ alone notably postponed the onset of 
weight loss, extending the MST by 7 days (*). In contrast, TMZ+Apstat3 
therapy significantly prolonged the MST to 34 days with one out of three 
mice tumor-free, validating the in vivo synergistic effect of Apstat3 and 

Fig. 5. Effects of Apstat3 on the activation, gene silencing and competitive uptake of BMDCs. (A) Endocytosis of Apstat3 by BMDCs at 4 h incubation. (B) Proportions 
of mature DCs (mDCs, CD80+CD86+) at 24 h incubation with Apstat3 (n = 3). (C) Downregulation of STAT3 in BMDCs at 48 h incubation. (D) Expression of STAT3 
mRNA within DCs in a TME mimicking condition (co-cultured with GL261 tumor cells and TFG-β) at 12 h incubation (n = 3). (E) Schematic experimental flow of 
competitive uptake of Cy5-labled Apstat3 by GL261 cells and BMDCs at 4 h co-incubation (for Fig. 5F-5I). (F) Cy5+ percentages in GL261 cells and BMDCs (n = 3), 
(G) Cy5+ percentages in Q1, Q2 and Q4 regions, and (H) proportions of mDCs as measured by flow cytometry, as well as (I) concentrations of secreted IL-6 and TNF-α 
(n = 3).
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TMZ treatment.
Subsequent investigations evaluated the efficacy of TMZ combined 

with varying doses of siSTAT3 (1, 2 and 4 mpk), while maintaining at 
fixed TMZ dose of 40 mpk (Fig. 6A). The results showed that as Apstat3 
dose increased, the drop in body weight was progressively delayed 
(Fig. 6B), with the MST significantly extending from 31 days for TMZ 
group to 34, 38, and 44 days for the increasing Apstat3 doses, respec
tively (Fig. 6C). Our results suggest that for highly malignant GBM, the 
administration of high doses of drugs, below toxicity thresholds in early 
stage, is crucial for rapidly targeting tumor cells, alleviating resistance, 
and ultimately prolonging survival. Additionally, an in vivo biolumi
nescence imaging study revealed significantly suppressed signals in the 
brains of TMZ+Apstat3 group compared to PBS group by day 15 
(Fig. S3). This was further highlighted with over 10-fold lower signals in 
the ex vivo imaging and nearly no blue coloration of tumor-bearing 
brains (Fig. 6D, E). While the brains of PBS group showed clear Evans 

blue extravasation due to compromised BBB integrity.
Nevertheless, TMZ+Apstat3 therapy did not achieve complete 

remission. The curative approach for GBM is often hindered by the 
immunosuppressive TME and inherent heterogeneity of GBM [44,45]. 
Tregs are important immunosuppressive cells in the GBM TME [46], as 
they downregulate the secretion of pro-inflammatory cytokines such as 
interleukin 2 and interferon-γ, thereby inhibiting the function of APCs. 
To study the effect of Apstat3 on Tregs, we extracted the spleen from a 
GL261 mouse, and splenic T cells were treated with Apstat3 for 48 h 
(Fig. S4A). Flow cytometry results showed a tenfold increase in Treg 
populations in GL261 mouse compared to healthy mouse (****), con
firming the presence of an immunosuppressive environment in GBM. 
Remarkably, Apstat3 treatment significantly reduced the proportion of 
Tregs (*, Fig. S4B), validating its capability to diminish tumor immune 
evasion and promote anti-tumor immune responses.

To enhance anti-GBM efficacy and survival benefits, we subsequently 

Fig. 6. Therapeutic efficacy of Apstat3 and in its combination therapies in orthotopic GL261 tumor-bearing mice. (A) Experimental schedule. (B) Body weight 
changes and (C) survival rates of the mice treated with TMZ+Apstat3 with various siSTAT3 dosages (siRNA: 1, 2, 4 mpk, TMZ: 40 mpk, n = 5). (D) The ex vivo brain 
bioluminescence images and (E) cerebral Evans blue extravasation at day 15 after treatment with TMZ+Apstat3 (siRNA: 4 mpk, TMZ: 40 mpk, n = 3). (F) Body 
weight changes and (G) survival rates of the mice treated with TMZ+Apstat3+Ab (siRNA: 4 mpk, TMZ: 40 mpk, Ab: 1 mpk, n = 5). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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combined ICB therapy, anti-CTLA4 antibody (Ab), with TMZ+Apstat3 
therapy. Remarkably, this triple therapy of TMZ+Apstat3+Ab signifi
cantly extended the lifespan of the mice, yielding MST of 64 days (*), 
with 20% of the mice achieving complete remission (Fig. 6G). This 
contrasts to TMZ+Ab and TMZ groups with MST of 43 and 31 days, 
respectively (Fig. 6F, G). These compelling results suggest that in the 
context of immunosuppressive GBM, the incorporation of anti-CTLA4 
antibody can effectively modulate the TME, facilitating enhanced 
sensitivity to chemotherapy.

4. Conclusion

In this study, we demonstrate that ApoE peptide-modified poly
mersomes encapsulating siSTAT3 (Apstat3) as a novel brain-targeted 
nanotherapeutic platform that effectively combat GBM when com
bined with TMZ chemotherapy and anti-CTLA4 immunotherapy. Our 
approach addresses critical challenges in GBM therapy by achieving 
efficient BBB penetration and tumor-specific delivery, leading to effec
tive silencing of STAT3 and MGMT—key drivers of GBM progression 
and drug resistance. Apstat3 exhibits optimal small size, stable encap
sulation, and efficient cellular uptake by both GBM cells and tumor- 
infiltrating DCs, which results in suppression of tumor proliferation, 
invasion and immunosuppressive signaling, while promoting DC matu
ration and proinflammatory cytokine secretion. Compared to previous 
treatments hindered by poor BBB penetration, TMZ resistance, and 
suboptimal targeting of tumor and immune components [47,48], our 
work innovatively combines brain-targeted polymersome nanocarriers 
with RNAi technology to overcome these obstacles. In orthotopic GL261 
mouse models, systemic injection of Apstat3 with oral TMZ greatly 
prolongs survival, and the combination of anti-CTLA4 checkpoint 
blockade further improves therapeutic outcomes, achieving complete 
remission in 20% of the treated mice. Importantly, the polymersome 
platform utilizes biocompatible, biodegradable components including 
polyethylene glycol, polycarbonate and spermine, which support 
favorable safety and manufacturing profiles conducive to clinical 
translation. Going forward, this study highlights the potential of the 
nanodelivery of siRNA to simultaneously target oncogenic and immu
nosuppressive pathways in GBM. Future work will focus on optimization 
of dosing regimens and further exploration of combinatorial immuno
therapies to maximize therapeutic benefit. Overall, Apstat3 represents a 
significant advancement in the field of nanomedicine-based glioma 
therapy, offering a versatile and effective strategy to surmount the 
formidable challenges posed by GBM’s aggressiveness and therapeutic 
resistance.
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