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A B S T R A C T

Malignant glioma represents one of the most aggressive primary tumors of the central nervous system. The 
immunotherapy of glioma is restrained by low immunogenicity, an immunosuppressive environment, and 
challenges in delivering therapeutics and immune-modulating agents. Here, we demonstrate that the systemic 
brain codelivery of STAT3 siRNA and CpG oligonucleotide using ApoE peptide-functionalized nano-polymer
somes (tNano-S&C) significantly boosts the efficacy of chemo-immunotherapy for malignant glioma when 
combined with temozolomide (TMZ). The administration of STAT3 siRNA via tNano-S&C effectively knocked 
down STAT3 expression in glioma cells, resulting in increased sensitivity to TMZ treatment and enhancing 
immunogenic cell death. Furthermore, tNano-S&C was efficiently taken up by dendritic cells (DCs), inducing DC 
maturation and proinflammatory cytokine secretion. Interestingly, intravenous injections of tNano-S&C in 
orthotopic murine glioma LCPN models revealed elevated accumulation at the tumor site, in cervical lymph 
nodes (CLNs) and the spleen, and within antigen-presenting cells (APCs). This delivery system effectively 
enhanced the outcomes of chemo-immunotherapy with TMZ, leading to a marked extension of median survival 
time and complete regression in 25% mice. tNano-S&C treatment reduced M2 phenotype glioma associated 
macrophages and regulatory T cells, while increasing the recruitment of cytotoxic T lymphocytes. These findings 
suggest that this polymersome-enabled brain codelivery of STAT3 siRNA and immunoadjuvants provides an 
appealing strategy to effectively reshape the tumor immune microenvironment and boost the efficacy of chemo- 
immunotherapy of malignant glioma.

1. Introduction

Malignant glioma is an aggressive malignancy of the central nervous 
system with a dismal prognosis, characterized by a five-year survival 
rate of less than 10%. Despite rigorous clinical interventions, including 
gross total resection, high-dose radiation therapy (RT), temozolomide 
(TMZ) chemotherapy and combined therapy like tumor treating fields 
(TTFields) and antibody therapies [1,2], high rates of tumor recurrence 
are recorded, often within months of standard treatment. Notably, over 
50% of malignant glioma patients develop resistance to TMZ, resulting 
in poor outcomes without efficient subsequent treatment options and a 
recurrence rate exceeding 90% [3,4].

In the past decade, extensive efforts have been dedicated to miti
gating TMZ resistance and reducing tumor recurrence. Strategies aimed 
at enhancing glioma cell sensitivity to TMZ have focused on down- 
regulating pathways involved in DNA repair and stem cell formation 
in tandem with TMZ treatment [4–8]. Notably, immunotherapy has 
transformed the treatment landscape for melanoma, lung cancer and 
liver cancers, and shows great potential in minimizing tumor relapse by 
stimulating immune system against tumor cells through using immune 
adjuvants [9,10], cytokines [11] or T-cell chemokines [12–14]. How
ever, combination therapies for malignant glioma have yielded subop
timal results. The clinical trials involving immunotherapies, such as 
tumor vaccines, Chimeric Antigen Receptor T-Cell immunotherapy 
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(CAR-T) therapy, and immune checkpoint blockade therapy (ICB) tar
geting programmed death protein-1 (PD-1), have not outperformed the 
standard treatments. Trials involving TLR9 agonist (such as CpG oligo
deoxynucleotide) [15], PD-1 monoclonal antibody in combination with 
radiotherapy and TMZ [16], and peptide vaccines targeting epithelial 
growth factor receptor variants III (EGFRvIII) combined with TMZ [17] 
have all resulted in unsatisfactory outcomes. These disappointing results 
are largely attributed to the low immunogenicity of malignant glioma, 
its immunosuppressive microenvironment (characterized by low T-cell 
infiltration and abundant immunosuppressive cells/factors), and the 
inaccessibility of therapeutics and immune-modulating agents across 
the blood-brain barrier (BBB) [18,19].

In this study, we report the development of ApoE peptide- 
functionalized nano-polymersomes for the brain codelivery of STAT3 
siRNA (siSTAT3) and CpG oligodeoxynucleotide (CpG ODN) (tNano- 
S&C) as a strategy to reverse the immunosuppressive tumor microen
vironment (TME) and enhance the efficacy of chemo-immunotherapy of 
malignant glioma (Scheme 1). The overexpression of STAT3 in both 
glioma cells and antigen-presenting cells (APCs) has been identified as a 
key factor contributing to tumor malignancy, drug resistance and the 
suppressive TME [20–22]. Silencing of STAT3 is expected to promote 
immunogenic cell death (ICD) of tumor cells by translocation of calre
ticulin (CRT) to the cell surface and a significant reduction in the 
expression of “don't eat me” signal [23,24]. We have previously reported 
that ApoE-functionalized polymersomes can deliver CpG to glioma via 
intranasal or systemic injection, thereby elevating DC maturation and 
immune responses in murine glioma models [25,26]. Combination 
therapies utilizing STAT3 inhibition and CpG, especially CpG-STAT3 
conjugates and nanoformulations (like AIRISE-02), have shown anti
tumor efficacy in hematologic malignancies and some solid tumors 
when administered locally [27–29], but their therapeutic effect in gli
oma remains limited [30]. This study represents the first report of the 
brain co-delivery of siSTAT3 and CpG for malignant glioma, providing a 
novel and unique approach to boost chemo-immunotherapy. Interest
ingly, tNano-S&C markedly increased the anti-tumor activity of TMZ 
and stimulated immune responses in glioma-bearing mice, resulting in 
greatly improved survival rates and even tumor eradication. This 
polymersome-enabled brain codelivery of siSTAT3 and immunoadju
vant provides a potential therapeutic strategy for malignant glioma.

2. Experimental section

2.1. Preparation and characterization of tNano-S&C

tNano-S&C was prepared by adding 100 μL DMF solution of ApoE- 
PEG-P(TMC-DTC) and PEG-P(TMC-DTC)-Spe at a molar ratio of 2/8 
(polymer conc.: 40 mg mL− 1) into 900 μL phosphate buffer (PB, 2.0 mM, 
pH 6.0) containing 200 μg siSTAT3 and 100 μg CpG under stirring. After 
5 min, the dispersion was dialyzed (MWCO: 1000 kDa) sequentially in 
PB (2 mM, pH 6.0) for 3 h, and PB (10 mM, pH 7.4) for 3 h. Non- 
targeting polymersomes coloaded with siSTAT3 and CpG (Nano-S&C) 
and ApoE-functionalized polymersomes loaded with only siSTAT3 
(tNano-S) or CpG (tNano-C) were prepared in same way. Particle size, 
zeta potential, drug loading contents and loading stability as well as 
morphology of tNano-S&C were evaluated.

2.2. STAT3 silencing by tNano-S and tNano-S&C

LCPN cells were cultured in 24-well plates (2×105/well) overnight, 
and incubated with tNano-S, Nano-S, Lipo-S (siSTAT3 conc.: 1.33 μg 
mL− 1) or PBS (n = 3). Lipo-S was prepared using lipofectamine 3000 to 
complex siSTAT3 according to the supplier's protocol. After 48 h, total 
RNA was isolated and purified from cell lysate using RNA-easy Isolation 
Reagent. STAT3 mRNA expression was determined using quantitative 
real-time polymerase chain reaction (qRT-PCR) (GAPDH as internal 
reference), and data were analyzed using 2–ΔΔCT method. Murine GL261 
cells (4×105/well) and human U87 MG cells (2×105/well) were treated 
with free S, Nano-S, Lipo-S, tNano-S or tNano-S&C (siSTAT3 conc.: 1.33 
μg mL− 1, CpG conc.: 0.665 μg mL− 1) and measured similarly (n = 3).

To determine the silencing of STAT3 and downstream proteins using 
western blotting, LCPN cells seeded in 24-well plates (2×105/well) 
overnight were incubated with free siSTAT3, Nano-S, tNano-S, tNano-C 
or tNano-S&C (siSTAT3 conc.: 2.66 μg mL− 1, CpG conc.: 1.33 μg mL− 1) 
for 48 h (n = 3). The cells were then treated with RIPA, and proteins 
were isolated, purified and quantified. 40 μg protein samples were 
subject to electrophoresis using standard procedure. Primary antibodies 
targeting STAT3, pSTAT3, MGMT, and Bcl-2, and HRP-labeled second
ary antibody were used. The band images were taken using chem
iluminescence detector (GAPDH as internal reference).

Scheme 1. Illustration of systemic brain codelivery of siSTAT3 and CpG ODN by ApoE peptide-functionalized polymersomes (tNano-S&C) for boosting the chemo- 
immunotherapy of malignant glioma with TMZ.
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2.3. Cytotoxicity and ICD of LCPN cells

LCPN cells were seeded in 96-well plates (1×103/well, 80 μL) 
overnight. TMZ, TMZ+tNano-S, or TMZ+tNano-S&C were added (TMZ 
conc.: 0.01–100 μg mL− 1; siSTAT3 conc.: 1.33 μg mL− 1, CpG conc.: 
0.665 μg mL− 1) were added. After incubation for 48 h, cells were subject 
to standard MTT assays, and the absorbance at 570 nm was measured by 
microplate to calculate cell viability (n = 3). The cytotoxicity of tNano-S 
or tNano-S&C alone was studied by similar methods described above. 
tNano-S and tNano-S&C were added into LCPN cells for 48 h, then the 
viability was detected by MTT assay, respectively. The half maximal 
inhibitory concentrations (IC50) of TMZ and S&C were calculated using 
prism software. MTT assays of GL261 cells (5×103/well) treated with 
TMZ, TMZ+tNano-S, and tNano-S&C (siSTAT3: 0.266 μg mL− 1, CpG: 
0.133 μg mL− 1), or tNano-S and tNano-S&C (siSTAT3/CpG = 2/1) were 
similarly performed (n = 6).

For ICD detection, LCPN cells were cultured in 24-well plates 
(1×105/well) overnight, and incubated with PBS, tNano-S, tNano-S&C, 
TMZ, TMZ+tNano-S and TMZ+tNano-S&C (siSTAT3 conc.: 1.33 μg 
mL− 1, CpG conc.: 0.665 μg mL− 1, TMZ conc.: 10 μg mL− 1, n = 3). After 
24 h, culture medium was collected for quantifying ATP by enhanced 
ATP assay kits, and cells were sequentially incubated with anti-CD16/32 
(20 min), CRT antibody (30 min) and Alexa fluor® 647-conjugated 
secondary antibody (30 min, 4 ◦C) before FC measurements.

2.4. Stimulation of APCs

BMDCs, BMDM and BV2 cells were separately cultured in 12-well 
plates (1×106/well) overnight, and treated with tNano-S&C, Nano- 
S&C, free S&C, tNano-S, tNano-C, or a mixture of tNano-S and tNano-C 
(tNano-S+C) (siSTAT3 conc.: 1.0 μg mL− 1; CpG conc.: 0.5 μg mL− 1, n =
3). PBS, IL-4 (20 ng mL− 1) and LPS (100 ng mL− 1) plus IFN-γ (10 ng 
mL− 1) were used as controls. After incubating for 24 h, BMDCs were 
stained with FITC-anti-CD11c, PE-anti-CD86 and APC-anti-CD80 anti
bodies, and BMDM and BV2 cells were stained with FITC-anti-CD11b, 
PE-anti-F4/80 and Alexa fluor® 647-anti-CD206 antibodies before FC 
measurements.

To study the effect of ICD of LCPN cells on stimulating APCs, LCPN 
cells seeded in 12-well plates (1×105/well) overnight were first treated 
with tNano-S, tNano-C, tNano-S&C, TMZ+tNano-S&C, Nano-S&C, or 
free S&C (siSTAT3 conc.: 1 μg mL− 1, CpG conc.: 0.5 μg mL− 1, TMZ conc.: 
10 μg mL− 1, n = 3) for 12 h. Then BMDCs, BMDM or BV2 cells (1×106/ 
well) were added and incubated for 24 h. All cells were collected, and 
stained with percp/cy5.5-anti-CD45 for distinguishing immune cells 
from LCPN cells. The following antibody staining and FC measurements 
were the same as above.

To determine the effect of ICD of LCPN cells on the RNA silencing in 
BMDCs, LCPN cells (1×105/well) and BMDCs (1×106/well) were 
respectively cultured in the upper and lower chamber of 24-well trans
well units in RPMI 1640 medium containing 10% FBS, 1% penicillin- 
ptreptomycin, EGF and FGF at 5% CO2 and 37 ◦C. Then tNano-S, 
tNano-C, Nano-S&C, tNano-S&C, or TMZ+tNano-S&C were added into 
the upper chamber (siSTAT3 conc.: 1 μg mL− 1, CpG conc.: 0.5 μg mL− 1, 
TMZ conc.: 10 μg mL− 1) and cultured for 24 h. Culture medium was 
taken for the determination of concentrations of IFN-β using ELISA kit (n 
= 3). BMDCs were collected, and RNA was extracted using RNA-easy 
Isolation Reagent. The expression of STAT3 mRNA and CXCL10 mRNA 
were determined with qRT-PCR and analyzed using 2–ΔΔCT method (n =
3).

2.5. Biodistribution of tNano-S&C in orthotopic LCPN tumor-bearing 
mice

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 

Laboratory Animals (approval numbers: 202109A0046, 202207A0585, 
202211A0248).

Biodistribution of tNano-S&C was studied with cy7-labeled CpG as a 
probe in orthotopic LCPN models that was established as previously 
described [26]. Briefly, 5×104 LCPN cells in 5 μL cold PBS containing 25 
vol.% matrigel was injected into left striatum of C57BL/6 mice (Injec
tion coordinates: 1.9 mm lateral, 0.5 mm anterior and 3.1 mm deep) and 
the syringe retained in place for 5 min. This day was designated as day 0. 
On day 7, 200 μL tNano-S&C, Nano-S&C and free S&C (siSTAT3: 2 mg 
kg− 1, CpG: 1 mg kg− 1, cy7: 0.3 μg per mouse) were intravenously (i.v.) 
injected via tail veins (n = 3). At 4, 8 and 12 h post-injection, in vivo 
imaging of the mouse heads was performed, and at 12 h, ex vivo fluo
rescence images of heart, liver, spleen, lung, kidney, cancerous brain 
and cervical lymph nodes (CLNs) were taken by a NIR imaging system 
and semi-quantified using Living Image software. The orthotopic glioma 
and remaining normal brain tissue, all CLNs at both sides of the neck, 
and the spleen were then collected, ground and centrifuged to obtain 
single-cell suspensions, and respectively tagged by flow cytometric an
tibodies for macrophages (CD45+CD11b+F4/80+), DCs 
(CD45+CD11c+) and B cells (CD45+B220+). Mean fluorescence in
tensity (MFI) of cy7 and cell counts within different tissues and APCs 
were measured using FC and organs of mice injected with PBS were used 
as controls.

2.6. Anti-glioma efficacy of TMZ+tNano-S&C in orthotopic GBM mice

On day 3 post-inoculation, LCPN mice were randomly divided into 
eight groups (n = 6): PBS, free S&C, Nano-S&C, tNano-S, tNano-C, 
tNano-S+C, tNano-S&C, and TMZ+tNano-S&C. On days 3, 5, 7, 17 and 
19, 200 μL nanoformulations were i.v. administered via tail veins 
(siSTAT3: 2 mg kg− 1 and CpG: 1 mg kg− 1). For TMZ and combination 
groups, TMZ was administered orally continuously on days 3–7 (40 mg 
kg− 1). Body weight and survival of the mice were monitored. On day 23, 
one mouse from groups (PBS, Nano-S&C, tNano-S&C and TMZ+tNano- 
S&C) was randomly selected to collect the brain (containing tumor) and 
major organs for hematoxylin and eosin (H&E) analysis.

In a separate experiment, on day 3 post-inoculation, LCPN mice were 
randomly assigned to five groups (n = 4): PBS, TMZ, TMZ+tNano-S, 
TMZ+tNano-C, and TMZ+tNano-S&C. The dosing regimen, treatment 
schedule and monitoring of the mice were the same as above, except that 
120 μL blood was collected on day 7 for the quantification of cytokines 
(TNF-α, IFN-γ and IL-10) using ELISA kits.

Orthotopic GL261 mice were built using the same method as LCPN 
model and treated with five i.v. injections of tNano-S&C (siSTAT3: 2 mg 
kg− 1 and CpG: 1 mg kg− 1) on days 3, 5, 7, 17 and 19 post-inoculation (n 
= 5). Body weight and survival curves were monitored.

2.7. Immunostimulatory efficacy of TMZ+tNano-S&C in orthotopic 
LCPN mice

On day 9 post-inoculation, LCPN mice were randomly divided into 
six groups (n = 6): PBS, tNano-S, tNano-C, tNano-S&C, TMZ+tNano- 
S&C, and TMZ+Nano-S&C. On days 9, 11 and 13, 200 μL nano
formulations were i.v. administered (siSTAT3: 2 mg kg− 1 and CpG: 1 mg 
kg− 1), and for combination group, TMZ was orally continuously on days 
9–13 (40 mg kg− 1). On day 14, one mouse from each group was 
randomly selected to prepare glioma-bearing brain slices for immuno
fluorescence assays. The slices were stained with CRT antibody (ICD), 
CD80 antibody (DCs), CD8 antibody (CD8+T cells), Iba1 antibody (Mϕ, 
macrophage) and iNOS antibody (M1M), or PD-L1 antibody (immune 
checkpoint). This was followed by treating with Alexa Fluor® 647 goat 
anti-rabbit IgG H&L secondary antibody (Alexa Fluor® 488 labelling for 
Iba1) and imaging with CLSM. The remaining five mice of each group 
were sacrificed and blood was collected for cytokine (TNF-α, IFN-γ and 
IL-10) quantification using ELISA kits (n = 5). The extracted tumors, 
CLNs and spleens were collected and lysed into single-cell suspensions 
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placed in cold PBS. Cells were stained with Zombie NIR™ Fixable 
Viability Kit (30 min) for labelling living cells, blocked with anti-CD16/ 
32 (20 min), and stained with fluorescence-labeled antibodies (30 min) 
according to manufacturer's protocols. The cell samples were then 
measured using FC and analyzed using FlowJo software for the pro
portions of mDC (CD45+CD11c+CD80+CD86+), CD8+T cells 
(CD45+CD3+CD8+), M1M (CD45+CD11b+F4/80+CD206− ) and regula
tory T cells (Treg, CD45+CD3+CD4+foxp3+).

2.8. Statistical analysis

Data was presented as mean ± standard deviation. Significant dif
ferences among groups were determined using one-way ANOVA with 
Tukey's multiple comparison tests using GraphPad Prism 8.0. Kaplan- 
Meier survival rates were analyzed using the log-rank test for compar
ison. 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. Construction and characterization of tNano-S&C

BBB-penetrating polymersomes co-loaded with siSTAT3 and CpG 
(denoted as tNano-S&C) were constructed through the co-self-assembly 
of poly(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolene 
trimethylene carbonate)-b-spermine (PEG-P(TMC-DTC)-Spe) and ApoE 
peptide-functionalized copolymer (ApoE-PEG-P(TMC-DTC), 20 mol%) 
in aqueous solutions containing siSTAT3 and CpG (Fig. 1a). Polymer
somes loaded with only siSTAT3 or CpG were obtained using the same 

method and denoted as tNano-S and tNano-C, respectively. This 
approach achieved drug loading efficiencies (DLE) over 95% at theo
retical drug loading contents (DLC) ≤ 20 wt.% (Table S1, S2). The 
efficient loading of siSTAT3 or CpG was attributed to their electrostatic 
interactions and hydrogen bonding with spermine within the polymer
some interior. The empty polymersomes, tNano, demonstrated peaks of 
ApoE peptides in the 1H NMR spectrum using D2O as a solvent (Fig. S1), 
and exhibited the characteristic absorption peaks of ApoE peptide in the 
FT-IR spectrum (amino and guanidine: 3300–3500 cm− 1 and 
1550–1600 cm− 1, Fig. S2), confirming the presence of ApoE peptides on 
the surface and ensuring good targetability. Single drug-loaded poly
mersomes and dual-drug-loaded polymersomes all exhibited uniform 
sizes (44.0–50.2 nm) and neutral zeta potential (Table S2, Fig. 1b). TEM 
images of tNano-S&C showed spherical vesicles with an average size of 
ca. 45 nm (Fig. S3a). Notably, these formulations remained stable after 
over 30 days of storage, as well as upon 100-fold dilution, and incuba
tion with PBS containing 10% serum (Fig. S3b,c). Agarose gel electro
phoresis confirmed the stable encapsulation of siSTAT3 and CpG, and 
the reduction-responsive release of payload triggered by 10 mM gluta
thione (Fig. S3d).

3.2. Uptake and endosomal escape of tNano-S and tNano-S&C in LCPN 
cells

The cellular uptake and endosomal escape of siSTAT3-loaded poly
mersomes (tNano-S) in murine malignant glioma LCPN cells were 
evaluated using cy5-labeled siSTAT3 (cy5-siSTAT3) as a probe. CLSM 
images showed that tNano-S rapidly entered the cells, with marked 
escape of siRNA from endosomes observed over time (1, 2 to 4 h), as 
evidenced by a drastically decrease in the colocalization coefficient of 

Fig. 1. In vitro characterization of tNano-S and tNano-S&C. a) Preparation and b) size distribution profiles of tNano-S and tNano-S&C. c) Pearson's coefficients to 
determine the co-localization of tNano-S with endosomes of LCPN cells derived from CLSM images (cy5-siSTAT3 as a probe, n = 3). d) qRT-PCR assay of STAT3 
mRNA levels in LCPN cells treated with Nano-S and tNano-S for 48 h (siSTAT3 conc.: 1.33 μg mL− 1, n = 3). e) Expression of STAT3 and pSTAT3 in LCPN cells treated 
with tNano-S for 48 h (siSTAT3 conc.: 2.66 μg mL− 1, GAPDH as an internal reference). f) Pearson's coefficients of cy5-siSTAT3 and endosomes of LCPN cells treated 
with tNano-S and tNano-S&C (n = 3). g) Expression of STAT3 and pSTAT3 in LCPN cells treated with tNano-S and tNano-S&C for 48 h (siSTAT3 conc.: 2.66 μg mL− 1, 
CpG conc.: 1.33 μg mL− 1). h) Uptake of tNano-S&C by LCPN cells after penetrating BBB monolayer model. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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siSTAT3 and endosomes showing Pearson's coefficient of 0.85, 0.75 and 
0.63, respectively (Fig. 1c). Given that STAT3 overexpression in glioma 
cells is a key factor contributing to tumor malignancy and drug resis
tance [20], we found that tNano-S significantly inhibited STAT3 mRNA 
expression in LCPN cells, achieving a silencing efficiency of 90%, similar 
as that of Lipo-S (92%) and 2.1-fold that of non-targeting control Nano-S 
(**, Fig. 1d). Western blot results further demonstrated the potency of 
tNano-S in down-regulating both total STAT3 and phosphorylated 
STAT3 (pSTAT3) levels compared to Nano-S and free siSTAT3 (Fig. 1e), 
reinforcing the active-targeted delivery to glioma cells. Remarkably, the 
dual-drug loaded polymersomes, tNano-S&C, also demonstrated 4.3- 
fold higher endocytosis than Nano-S&C and free S&C groups 
(Fig. S4a). Moreover, tNano-S&C group showed 1.2-fold greater cellular 
fluorescence, accelerated endosomal escape, and more pronounced in
hibition of STAT3 and pSTAT3 expression compared to tNano-S group 
(Fig. S4a, Fig. 1f,g). This enhanced performance likely results from the 
binding of the released CpG to TLR9 in the endosomal membrane of 
LCPN cells (Fig. S5a). Furthermore, in murine GBM GL261 cells and 
human GBM U87 MG cells, tNano-S&C exhibited 8.8- and 3.6-fold in
crease in cellular uptake compared to Nano-S&C (Fig. S4b,c), and the 
STAT3 gene silencing efficacies were 61.2% and 72.3%, respectively 
(Fig. S6a,b). The results were attributable to the high homology of 
STAT3 gene between humans and mice, confirming the effects of tNano- 
S&C across different glioma cells.

To evaluate the BBB penetration capacity, an in vitro BBB model was 
built using a murine bEnd.3 endothelial cell monolayer in transwell 
inserts, with LCPN cells cultured in the lower chamber. Flow cytometric 
results indicated that tNano-S&C added in the insert successfully pene
trated the monolayer, achieving a remarkable 7.6-fold increase in up
take by LCPN cells compared to non-targeted and free counterparts 
(Fig. 1h). The results conform to the specific binding of ApoE peptide to 
LDLRs (including LRP1, LRP2, and LDLR) that are highly expressed in 
both the BBB and glioma cells [25,31,32].

3.3. Uptake and activation of APCs by tNano-S&C

The cellular uptake and endosome escape of tNano-S&C and tNano-S 
in murine bone marrow-derived dendritic cells (BMDCs) were also 
studied using cy5-siSTAT3 as a probe. CLSM images and semi- 
quantitative analysis of tNano-S&C group displayed ca. 1.6-fold in
crease in fluorescence intensity compared to tNano-S group at incuba
tion time of 1, 2 and 4 h (Fig. 2a,b). Additionally, tNano-S&C 
demonstrated superior endosomal escape with decreased co-localization 
between cy5-siSTAT3 and endosome over time, achieving a reduced 
Pearson's coefficient of 0.53 at 4 h (Fig. 2c). Notably, the presence of 
CpG in tNano-S&C significantly enhanced endosomal escape in BMDCs 
compared to LCPN cells, possibly due to the significantly higher 
expression of TLR9 in BMDCs (Fig. S5), which binds CpG and stimulates 

Fig. 2. The uptake and stimulation of APCs by tNano-S&C. a) Uptake and endosomal escape of tNano-S and tNano-S&C in BMDCs (cy5-labeled siSTAT3 as a probe). 
Scale bars: 10 μm. b) MFI of cy5-siSTAT3 in BMDCs and c) Pearson's coefficient of cy5-siSTAT3 and endosomes as determined by Image J (n = 3). d) Flow cytometry 
analysis of the uptake of tNano-S&C in BMDCs. Percentages of e) mDC in BMDCs, f) M1M in BMDM, and g) M1M in BV2 cells at 24 h incubation with tNano-S&C 
(siSTAT3: 1 μg mL− 1, CpG: 0.5 μg mL− 1). PBS and LPS+IFN-γ were as control groups. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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immune response [33,34].
The overexpression of STAT3 in DCs is known to inhibit their 

maturation, antigen presentation, and subsequent recruitment and 
activation of T cells [35]. This dysfunction is a crucial factor for 
immunosuppressive tumor microenvironment (TME) [21,36]. Flow 
cytometric analyses confirmed the efficient uptake of tNano-S&C by 
BMDCs (Fig. 2d), suggesting the capacity of tNano-S&C of activating 
these immune cells. Compared to the moderate stimulation of DC 

maturation (CD11c+CD80+CD86+, mDC) by tNano-S and tNano-C, 
tNano-S&C further significantly increased mDC proportion to 60.7% 
(**, Fig. 2e). tNano-S&C was significantly more potent than Nano-S&C, 
free S&C and tNano-S+C groups (*). The results demonstrate the critical 
role of active-targeting in delivering both drugs into the same APC.

Given that glioma-associated macrophages (GAMs), including 
monocyte-derived macrophages and microglia, comprise major com
ponents of the immunosuppressive microenvironment of malignant 

Fig. 3. Combination therapy of tNano-S&C and TMZ synergized in toxicity and ICD of LCPN cells and in the stimulation and chemokine production of APCs. a) MTT 
assays of LCPN cells incubated with TMZ, TMZ+tNano-S or TMZ+tNano-S&C for 48 h (n = 3, TMZ conc.: 0.01–100 μg mL− 1, siSTAT3 conc.: 1.33 μg mL− 1, CpG conc.: 
0.665 μg mL− 1). b) Viability of LCPN cells incubated with tNano-S or tNano-S&C for 48 h (n = 3, siSTAT3 conc.: 0.02–13.3 μg mL− 1, siSTAT3/CpG = 2/1). c) Western 
blotting of STAT3, MGMT, and Bcl-2 expression in LCPN cells treated with TMZ, TMZ+tNano-S, TMZ+tNano-C or TMZ+tNano-S&C for 48 h. d) Percentages of CRT- 
positive cells and e) ATP concentration in culture medium of LCPN cells treated with TMZ, TMZ+tNano-S or TMZ+tNano-S&C for 24 h (n = 3). f) Schematic of 
TMZ+tNano-S&C pretreated LCPN cells to stimulate APCs. Percentages of g) mDC in DCs, h) MHC II+ mDC in mDCs, i) M1M in BMDM, and j) M1M in BV2 cells. A 
TME-mimicking transwell experiment k) scheme, expression of l) STAT3 mRNA and m) CXCL10 mRNA in BMDCs in lower chamber, and n) IFN-β concentrations in 
culture medium at 24 h coculturing with TMZ+tNano-S&C and LCPN cells in upper chamber. For c-n, TMZ: 10 μg mL− 1, siSTAT3: 1 μg mL− 1, CpG: 0.5 μg mL− 1, n =
3. * p < 0.05, ** p < 0.01, *** p < 0.001.
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glioma [37,38], the immunotherapeutic potential of tNano-S&C against 
GAMs was investigated using BMDMs andBV2 cells. As shown in Fig. 2f 
and g, compared to tNano-S and tNano-C, tNano-S&C promoted a 
greater proportion of pro-inflammatory M1-type macrophages (M1M, 
CD11b+F4/80+CD206− ), while reducing M2-type macrophages (M2M, 
CD11b+F4/80+CD206+), which are predominant in GAM populations. 
The significant decrease in the M2M/M1M ratio (Fig. S7) further con
firms that tNano-S&C effectively remodels the immunosuppressive TME 
into immuno-promoting TME.

3.4. Synergistic effect of combination therapy with tNano-S&C and TMZ 
on cytotoxicity, induction of ICD and stimulation of APCs

The lack of sufficient antigens constitutes another challenge in the 
immunotherapy of malignant glioma. Consequently, inducing robust 
tumor cell death is crucial for improving immunogenicity. MTT assay 
results showed that TMZ, the first-line treatment for glioma, exhibited a 
half-maximal inhibitory concentration (IC50) of 121.7 μg mL− 1 against 
LCPN cells (Fig. 3a). Notably, further combination with tNano-S 
(TMZ+tNano-S) or tNano-S&C (TMZ+tNano-S&C) drastically sensi
tized glioma cells to TMZ, resulting in lowered IC50 by a factor of 11 and 
29, respectively. Considering minimal toxicity for both tNano-S and 
tNano-S&C at the same siSTAT3 concentration (1.33 μg mL− 1) (Fig. 3b), 
the results indicated a synergistic nature of these combination therapies, 
with combined index (CI) of 0.16 and 0.14, respectively. Notably, the 
synergistic cytotoxicity of these two combinations was further 
confirmed in another murine GBM GL261 cells, showing CI values of 
0.27 and 0.09, respectively (Fig. S6c,d). Moreover, both combination 
therapies led to considerable downregulation of O6-methylguanine- 
DNA methyltransferase (MGMT) and Bcl-2 in LCPN cells contrasting to 
the increased expression observed in TMZ-only group (Fig. 3c). This 
indicates that the combination with tNano-S or tNano-S&C could alle
viate TMZ resistance and reduce the stemness of glioma cells [21,39].

Additionally, ICD in tumor cell induces the production of calreticulin 
(CRT) and adenosine triphosphate (ATP), which act as tumor antigens to 
activate APCs, eliciting tumor-specific cellular immunity [40,41]. The 
analysis illustrated that TMZ+tNano-S group induced 2.2- to 2.9-fold 
increase in CRT exposure and 2.8- to 4.5-fold increase in ATP secre
tion compared to tNano-S and TMZ monotherapies, respectively. 
Remarkably, compared to TMZ+tNano-S group, TMZ+tNano-S&C 
therapy further increased CRT and ATP expression by 1.4- to 1.6-fold 
(Fig. 3d,e), reflecting its superior capacity for ICD induction. Conse
quently, TMZ+tNano-S&C was selected for further investigations on in 
vitro immune stimulation and in vivo anti-tumor therapy.

To elucidate the stimulatory effects of ICD on APCs, DCs or macro
phages were co-cultured with LCPN cells that were pretreated with 
tNano-S&C formulations and the results were analyzed using flow 
cytometry (Fig. 3f). The results revealed a significant increase in the 
mDC proportion in TMZ+tNano-S&C group, demonstrating the 
following hierarchy in effectiveness: tNano-S < tNano-C < tNano-S&C 
< TMZ+tNano-S&C (Fig. 3g). Moreover, both tNano-S&C and 
TMZ+tNano-S&C significantly upregulated MHC II molecules on mDCs 
(Fig. 3h), which enables antigen presentation to CD4+ T cells. Similarly, 
polarization studies of BMDM and BV2 cells after co-culture further 
corroborated the highest stimulatory effect of TMZ+tNano-S&C treat
ment, promoting the M1M phenotype (Fig. 3i,j), known for its antitumor 
activity.

We employed a tumor-mimicking transwell model (Fig. 3k) to 
further elucidate the molecular mechanisms underlying this immune 
response. qRT-PCR analysis of the DCs in the lower chamber revealed 
that antigens derived from LCPN cells treated with tNano-S&C or 
TMZ+tNano-S&C as well as the nanoformulations could traverse the 
inset membrane and significantly downregulated STAT3 mRNA and 
upregulated CXCL10 mRNA in BMDCs (Fig. 3l,m). The upregulation of 
CXCL10 in glioma tissues may reflect changes in TME, such as the in
teractions between tumor cells and immune cells [12]. Glioma cells by 

releasing specific signaling molecules can induce CXCL10 expression in 
DCs, which is a crucial chemokine for attracting effector T cells, such as 
CD8+ T cells, to migrate to the tumor sites [42]. This chemokine plays a 
vital role in orchestrating an effective anti-glioma immune responses 
and surveillance in vivo. Interestingly, TMZ+tNano-S&C treatment 
enhanced the secretion of IFN-β by BMDCs (Fig. 3n) by 1.7- to 3.9-fold 
compared to tNano-S&C and other control groups, indicating the 
crucial role of this treatment in the cross-presentation of tumor antigens 
and activation of anti-glioma immune responses [43].

3.5. Biodistribution studies of tNano-S&C in orthotopic LCPN-bearing 
mice

The orthotopic murine LCPN-bearing model represents an aggressive 
tumor model that is largely refractory to ICB such as anti-PD-1 and anti- 
CTLA-4 [25], thereby resembling the clinical scenario in malignant 
glioma patients. This model was employed to study the biodistribution 
of tNano-S&C (using cy7-labeled CpG as a probe) after a single intra
venous (i.v.) injection. In vivo imaging revealed a significant brain 
accumulation of tNano-S&C at 4, 8 and 12 h post-injection, achieving 
2.7- and 4.2-fold higher levels compared to both Nano-S&C and free 
S&C at 12 h (Fig. 4a). Ex vivo imaging confirmed ca. 4-fold increased 
deposition of tNano-S&C in tumor-bearing brain tissue and 2-fold in 
cervical lymph nodes (CLNs) compared to Nano-S&C (Fig. 4b). Besides, 
the nanoformulations displayed reduced accumulation in the kidneys, 
livers and lungs compared to free S&C (Fig. 4c), indicating a slower 
metabolic clearance of CpG when encapsulated within polymersomes. 
Notably, glioma cells of tNano-S&C group exhibited 3.5-fold greater MFI 
than that of normal brain cells (**, Fig. 4d), demonstrating the glioma- 
targeting capability of tNano-S&C in vivo. Furthermore, tNano-S&C also 
accumulated significantly more in CLNs and spleen than control for
mulations, pointing to its potential role in stimulating local and systemic 
immune responses.

Subsequently, the uptake of tNano-S&C by immune cells within 
tumor, CLNs and spleen was analyzed following the preparation of 
single cell suspension. Flow cytometry analysis revealed that about 3.1% 
total cells in tumor issues endocytosed tNano-S&C, with about 42% of 
these being CD45− cells (mainly glioma cells) and 58% CD45+ cells 
(immune cells) (Fig. 4e). Among CD45+ cells, 54% of tNano-S&C was 
delivered to DCs and 29% to macrophages. DCs are the most powerful 
professional APCs in TME, and can migrate to CLNs to present tumor 
antigens to T cells. Macrophages in glioma mainly present MHC II 
molecules, interacting directly with CD4+ T cells in brain TME [44]. 
Interestingly, compared to Nano-S&C and free S&C groups, tNano-S&C 
group exhibited not only significantly increased deposition in DCs and 
macrophages, but also enhanced proliferation of these immune cells 
(Fig. 4f), probably due to the production of chemokines. Similar trends 
were found in the CLNs and spleen concerning tNano-S&C localization 
within immune cells (Fig. 4g,h). These results indicate that tNano-S&C is 
not only capable of targeting glioma but also stimulating both local and 
systemic anti-glioma immune responses in LCPN models. This finding is 
paramount, as insufficient antigens and poor accumulation in immune 
organs have long been considered as major bottlenecks for the effective 
therapy of malignant glioma [18,45].

3.6. Immunotherapy of LCPN mice with combination therapy of tNano- 
S&C and TMZ

Encouraged by the notable accumulation of tNano-S&C in glioma 
tumors and immune cells in vivo, in the following study, we investigated 
its anti-glioma efficacy alone or in combination with TMZ. In a pre
liminary experiment, orthotopic LCPN models were i.v. injected with 
tNano-S&C on days 3, 5, 7, 17, and 19 at two doses (n = 4). The results 
showed that PBS treated mice exhibited drastic body weight loss starting 
on day 15 and succumbed shortly thereafter, while tNano-S&C (each 
dose with siSTAT3: 2 mg kg− 1, siSTAT3/CpG = 2/1) significantly 
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inhibited glioma progression and prolonged the median survival time 
(MST) to 49 days in a dose-dependent manner (Fig. S8). In another in
dependent in vivo experiment with the same dosing scheme (Fig. 5a, n =
6), tNano-S&C identically demonstrated glioma suppression ability with 
MST of 50 days. The results showed that treatments with free S&C and 
nanoformulations all delayed disease progression, with almost constant 
body weight until day 22 (Fig. 5b) and significantly extended (MST 
compared to PBS group (21 d): free S&C (28 d), Nano-S&C (36 d), 
tNano-S (32 d), tNano-C (38 d), tNano-S+C (42 d), and tNano-S&C (50 
d) (Fig. 5c). The significantly extended MST in the tNano-S&C group 
confirms its active targeting capacity in orthotopic glioma models. 
Notably, tNano-S&C also testified anti-glioma efficacy in orthotopic 
GL261 models, with slightly weaker capability in inhibiting tumor 
progression and extending MST (45 days, Fig. S9).

Further combined TMZ was administered orally for five consecutive 
days at 40 mg kg− 1, reflecting the standard clinical dosage [46]. This 
combination therapy displayed a remarkable extension of lifespan, 
yielding an MST of 58 days (*), with 1 out of 6 LCPN mice remaining 
tumor-free for over 300 d (Fig. 5c). Hematoxylin-eosin (H&E) staining of 

tumor-containing brain slices harvested on day 23 demonstrated that 
TMZ+tNano-S&C group had the smallest tumors, with extensive tumor 
cell apoptosis and necrosis (Fig. 5d). In contrast, TMZ monotherapy 
exhibited limited efficacy, yielding an MST of 26 d (Fig. 5e, f). Despite 
being first-line drug for glioma, TMZ is often ineffective for many ma
lignant glioma patients due to inherent insensitivity or acquired resis
tance. The comparison of survival curves indicates that TMZ+tNano- 
S&C group enhanced the efficacy observed in the two monotherapies, 
extending MST in a synergistic manner (Fig. 5c,f). This enhanced effi
cacy correlates with the great downregulation of MGMT and Bcl-2 
(Fig. 3c), both of which are implicated in TMZ resistance, thereby 
enhancing glioma cell sensitivity to this chemotherapeutic agent. 
Moreover, in contrast to the strong anti-GBM efficacy of tNano-C alone 
compared to tNano-S alone, which is attributable to tNano-C's superior 
immune activation capability, TMZ+tNano-C group (MST: 35 d) showed 
slightly reduced therapeutic efficacy compared to TMZ+tNano-S group 
(MST: 37 d). This diminished efficacy can be attributed to the inability of 
tNano-C to downregulate the TMZ-induced elevated expression of 
MGMT (Fig. 3c) and PD-L1 in LCPN cells (Fig. S10), both of which 

Fig. 4. Biodistribution studies of tNano-S&C (0.8 wt.% cy7-CpG as a probe) in orthotopic murine LCPN mice following a single i.v. injection (n = 3). a) In vivo 
imaging and semiquantification of the brain. Ex vivo imaging and semiquantification of b) brain and CLNs, and c) major organs at 12 h post injection. d) MFI of 
tNano-S&C uptake by single cell suspension of normal brain, tumor, CLNs and spleen. e) Percentages of cy7-CpG+ cells in total tumor tissue cells, CD45− cells (mainly 
tumor cells) and CD45+ cells (mainly immune cells) in total cy7-CpG+ cells, as well as macrophages (Mϕ) and DCs in cy7-CpG+CD45+ cells. MFI of cy7 in APCs and 
total number of these APCs in f) tumor, g) CLNs and h) spleen. * p < 0.05, ** p < 0.01.
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contribute to TMZ resistance and immune suppression in GBM therapy, 
respectively. These results underscore the importance of strategic 
codelivery of siSTAT3 and CpG via polymersomes in enhancing the 
therapeutic outcomes of GBM when combined with TMZ.

Furthermore, plasma levels of proinflammatory cytokines, including 
interferon gamma (IFN-γ) and tumor necrosis factor α (TNF-α) were 
augmented by 1.8- to 6.6-fold in TMZ+tNano-S&C group compared to 
TMZ, TMZ+tNano-S and TMZ+tNano-C groups. Concurrently, the 
immunosuppressive cytokine interleukin-10 (IL-10) was significantly 
decreased by factors of 20, 3 and 10, respectively (Fig. 5g-i). These re
sults highlight the important role of down-regulation of STAT3 in 
reversing the immunosuppressive microenvironment prevalent in gli
oma. Collectively, these results affirm the robust anti-glioma capacities 
of TMZ+tNano-S&C, demonstrating its potential to effectively repro
gram the immune landscape while sensitizing orthotopic glioma cells to 
TMZ.

3.7. Immunological analysis of orthotopic LCPN mice treated with 
TMZ+tNano-S&C

The immune stimulatory mechanism of tNano-S&C and 
TMZ+tNano-S&C in orthotopic LCPN mice was elucidated. Mice were i. 
v. injected with three times of tNano-S&C or in combination with five 
oral TMZ doses, and 24 h after last dose the immune cells in tumor, CLNs 
and spleen were harvested and analyzed (Fig. 6a). On day 14, tumor 
inhibition rates were observed at 67% and 78% for tNano-S&C and 
TMZ+tNano-S&C, respectively (Fig. S11a,b). Immunological analysis 
of TME revealed that tNano-S&C and TMZ+tNano-S&C treatments 
resulted in a 4.1-fold increase in total DC contents (CD11c+), and 4.4- to 
6.0-fold increase in mDC contents (CD11c+CD80+CD86+) compared to 
control formulations (Fig. 6b, c). Notably, TMZ+tNano-S&C group 
exhibited significantly enhanced tumor infiltration of T cells, with in
creases ranging from 1.4- to 4.6-fold in total T cells (CD3+), CD8+T cells 
(CD3+CD8+) and helper T cells (CD4+T, CD3+CD4+) compared to 
tNano-S&C and other control groups (Fig. 6d-f). Moreover, TMZ+tNano- 

Fig. 5. Treatment with tNano-S&C and TMZ+tNano-S&C in orthotopic LCPN mice. a) Treatment scheme. b) Relative body weight and c) survival curves of the mice 
treated with tNano-S&C and TMZ+tNano-S&C and other control groups (n = 6). d) H&E staining of tumor-containing brain slics of LCPN mice on day 23. e) Relative 
body weight and f) survival curves of the mice treated with TMZ and TMZ+tNano-S&C. Plasma concentrations of g) IFN-γ, h) TNF-α and i) IL-10 on day 7 (n = 4). * p 
< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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S&C significantly reduced the proportions of immunosuppressive cells, 
specifically regulatory T cells (Tregs, CD3+CD4+foxp3+) and M2 
phenotype macrophages (M2M, CD11b+CD206+), by a factor of 2 
compared to PBS group (Fig. 6g,h). This shift led to significant increases 

in the ratios of CD8+T/Treg and M1M/M2M in the TME (Fig. 6i,j), 
demonstrating their capacity to effectively reprogram the immunosup
pressive TME. It is known that the refractoriness of malignant glioma is 
partially related to its immunosuppressive microenvironment.

Fig. 6. Immunological analysis of orthotopic LCPN mice treated with tNano-S&C and TMZ+tNano-S&C (n = 6). a) Workflow. Percentages of b) DCs, c) mDCs, d) 
CD3+T, e) CD8+T, f) CD4+T, g) Treg in CD4+T, and h) CD206+ M2M out of total Mϕ in tumor. Ratios of i) CD8+T/Treg and j) M1M/M2M in tumor. Percentages of k) 
DCs and l) mDCs in CLN. Percentages of m) CD3+T, n) CD8+T and o) CD4+T cells in spleen (n = 5). p) Immuno-histochemical staining of CRT+ cells, DCs (CD80+), 
CTLs (CD8+), M1M and PD-L1+cells in tumors on day 14 (n = 1). Scale bars: 50 μm. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Given the previously noted accumulation of tNano-S&C in the CLNs 
and spleen, we further analyzed the activation of local and systemic 
immunity in these tissues. CLNs are critical for immune surveillance and 
regulation in orthotopic glioma, in which APCs (especially DCs) present 
glioma antigens to T cells. Results displayed that, while the total DCs 
was comparable, TMZ+tNano-S&C treatment induced a significantly 
greater number of mDCs in CLNs than tNano-S&C and other controls 
(Fig. 6k,l). In the spleen, TMZ+tNano-S&C led to a significant increase 
in the percentages of CD3+T, CD4+T and CD8+T cells compared to 
tNano-S&C and other groups (Fig. 6m-o), illustrating a robust systemic T 
cell response. Notably, mice receiving TMZ+tNano-S&C treatment 
maintained normal spleen weights, in contrast to the splenomegaly 
observed in tNano-C and tNano-S&C groups (Fig. S11c). Furthermore, 
both tNano-S&C and TMZ+tNano-S&C increased the production of TNF- 
α and IFN-γ, alongside nearly undetectable IL-10 levels (Fig. S11d-f).

Immunohistochemical (IHC) staining of brain tumor slices validated 
that tNano-S&C induced high levels of ICD (CRT), APC activation 
(mDCs, CD80), CD8+T cells infiltration (CD8), and iNOS+ macrophage 
(M1M) compared to control groups. As expected, TMZ+tNano-S&C 
further substantially amplified these markers (Fig. 6p). Remarkably, 
both tNano-S&C and TMZ+tNano-S&C resulted in very low levels of 
immunosuppressive PD-L1+cells and M2M. Additionally, these immune 
cells were predominantly located within and around the tumors, with 
minimal presence in normal brain tissue (Fig. S12), indicating favorable 
safety profile of the treatments.

4. Conclusion

We have demonstrated that systemic administration of ApoE- 
targeted nano-polymersomes co-loading siSTAT3 and CpG ODN 
(tNano-S&C) affords markedly enhanced drug accumulation in the 
malignant glioma tumors and associated immune organs, resulting in 
effective knockdown of STAT3 and reversal of immunosuppressive TME 
characteristic of malignant gliomas. Of note, tNano-S&C greatly sensi
tizes glioma cells to TMZ therapy and amplifies the efficacy of chemo- 
immunotherapy in highly malignant murine LCPN glioma models. 
This observed therapeutic synergy has led to significant survival bene
fits, with some mice achieving complete tumor regression, underscoring 
a powerful activation of anti-glioma immunity. To the best of our 
knowledge, this represents the first report of systemic co-administration 
of siSTAT3 and CpG via brain-targeted polymersomes for the treatment 
of malignant glioma. Our findings not only illuminate a novel strategy to 
enhance chemo-immunotherapy but also provide critical insights into 
the mechanisms by which ICD and the reprogramming of the immuno
suppressive microenvironment can be achieved. This study paves a new 
way to enhance the chemo-immunotherapy of malignant glioma.
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