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A B S T R A C T   

The response of malignant glioma to immunotherapy remains gloomy due to its discrete immunological envi-
ronment and poor brain penetration of immunotherapeutic agents. Here, we disclose that ApoE peptide-mediated 
systemic nanodelivery of granzyme B (GrB) and CpG ODN co-stimulates enhanced immunotherapy of murine 
malignant LCPN glioma model. ApoE peptide-functionalized polymersomes encapsulating GrB (ApoE-PS-GrB) 
could effectively penetrate the blood-brain barrier-mimicking endothelial cell monolayer in vitro and further be 
taken up by LCPN cells, inducing strong immunogenic cell death (ICD). The co-administration of ApoE-PS-GrB 
and ApoE-PS-CpG in orthotopic LCPN glioma-bearing mice co-stimulated cytokine production, maturation of 
dendritic cells (DCs), infiltration of cytotoxic T lymphocytes (CTLs) while reduction of regulatory T lymphocytes 
(Treg) and M2 phenotype macrophages in the tumor microenvironment, leading to greatly delayed tumor pro-
gression and significantly prolonged survival time compared with all controls. The ApoE-mediated systemic 
nanodelivery of GrB and CpG ODN opens a new pathway for potent immunotherapy of malignant glioma.   

1. Introduction 

Glioma is the most common and malignant brain cancer that causes 
particularly poor patient survival [1,2]. The aggressive infiltration of 
glioma cells into the central nervous system refrains current medical 
practice including surgery and radiotherapy from complete tumor 
ablation. The efficacy of chemotherapy of glioma is, on the other hand, 
restricted by the blood-brain barrier (BBB) and systemic toxicities [3–5]. 
The immunotherapy that activates host’s immune system to repress or 
eliminate tumor is considered as a promising treatment strategy for solid 
tumors including glioma [6–8]. Different groups reported that localized 
immunotherapy after surgery and/or in combination with radiotherapy 
could significantly improve the survival of glioma mice model [9–11]. 
The response of malignant glioma to systemic and subcutaneous 
immunotherapy remains, however, gloomy due to its discrete immu-
nological environment and poor brain penetration of 

immunotherapeutic agents [12–14]. 
The immunotherapy of glioma can be augmented via inducing 

immunogenic cell death (ICD) with several chemotherapeutic agents 
such as doxorubicin [15], oxaliplatin [16] and cyclophosphamide [17]. 
The low glioma-selectivity coupled with severe toxic effects, neverthe-
less, greatly compromises the therapeutic outcomes [18,19]. It is diffi-
cult for cytotoxic drugs to achieve strong ICD of glioma without causing 
detrimental effects to the major organs and immune systems. In com-
parison, apoptotic protein drugs with a high specificity and activity have 
generally less off-target toxicity and better safety [20,21]. It is surprising 
to note that there are little studies on apoptotic proteins for immuno-
therapy of glioma. Granzyme B (GrB) is a key mediator of natural killer 
(NK) cells and cytotoxic T lymphocytes (CTLs) [22,23]. GrB is shown to 
kill tumor cells through attacking mitochondria and releasing cyto-
chrome C and adenosine triphosphate (ATP) [24], which might generate 
specific tumor antigens. The immunotherapy of glioma might further be 
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augmented via activating dendritic cells (DCs) with immunoadjuvants 
like CpG oligonucleotide (CpG) and R837 [25,26]. The immunoadju-
vants were typically administered via intracranial (i.c.) injection or 
convection enhanced delivery (CED) [27], which not only requires 
special operative technique but also is often accompanied with brain 
edema and inflammation [28]. 

In this article, we report that apolipoprotein E peptide (sequence: 
LRKLRKRLLLRKLRKRLLC, ApoE)-mediated glioma delivery of GrB and 
CpG adjuvant co-stimulates a potent systemic immunotherapy of 
orthotopic malignant LCPN mouse model (Scheme 1). Apolipoprotein E 
known to mediate lipid delivery into brain via the low-density 

lipoprotein receptor (LDLR) and the LDLR related protein (LRP-1 and 
LRP-2) receptors is a natural protein that can efficiently cross BBB via 
transcytosis. Interestingly, many glioma cells were also found over-
expressing LDLR, LRP-1 and/or LRP-2. The functionalization of nano-
systems with recombinant apolipoprotein E via either adsorption, direct 
coating or covalent bonding appears an interesting strategy to enhance 
BBB penetration and anti-glioma therapy [29]. The large apolipoprotein 
E (ca. 34 kDa), however, poses significant challenges on production, 
conjugation, purification and stability in addition to potential immu-
nogenic concerns. The short ApoE peptide (ca. 1.8 kDa) is less immu-
nogenic, easy to synthesize, and amenable to different chemical 

Scheme 1. Illustration of fabrication of ApoE peptide-functionalized polymersomes encapsulating GrB or CpG ODN (ApoE-PS-GrB and ApoE-PS-CpG) (A) and highly 
enhanced immunotherapy of murine orthotopic LCPN glioma (B). 
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manipulation. We have shown previously that the decoration of nano-
drugs with ApoE peptide significantly elevates their BBB permeability 
and glioma targetability [30,31]. GrB encapsulated in ApoE peptide- 
functionalized polymersomes (ApoE-PS-GrB) effectively disrupts mito-
chondrion membrane of LCPN glioma cells and induces strong ICD and 
tumor associated antigens, which combining with systemic adminis-
tration of ApoE-PS-CpG brings about greatly enhanced immunotherapy 
of murine glioma. The co-delivery of GrB and immunoadjuvants appears 
to be a promising immunotherapeutic modality for glioma. 

2. Experimental section 

2.1. Preparation of polymersomes loaded with GrB, CC or CpG 

Typically, 50 μL DMSO solution of a mixture of ApoE-PEG-P(TMC- 
DTC) and PEG-P(TMC-DTC)-sp (both at 20 mg/mL) at 30/70, 20/80, 
10/90 or 0/100 (mol/mol) was slowly injected into 950 μL HEPES buffer 
(5 mM, pH 6.8) that contained either GrB (10, 20 or 50 μg), CC (50, 100 
or 150 μg), or CpG (100, 150 or 200 μg) under stirring (200 rpm, 10 
min). The obtained dispersion was dialyzed (MWCO 350 kDa) sequen-
tially against HEPES for 2 h, HEPES/PB (1/1, v/v) for 1 h, and PB for 2 h 
with medium exchange every hour. The drug loading efficiencies and 
contents of CpG were determined by using nanodrop and calculated 
from the standard curves of known concentrations, and those of GrB and 
CC were quantified by using fluorometry using Cy5 labeled GrB and CC 
(GrB-Cy5, CC-Cy5). 

To study in vitro release of GrB, 500 μL ApoE-PS-GrB or PS-GrB 
(polymer concentration: 0.1 mg/mL) using GrB-Cy5 as model was 
transferred into dialysis tube (MWCO 350 kDa), and immersed in 20 mL 
PB (10 mM, pH 7.4) or PB containing 10 mM GSH in a shaking bath (200 
rpm, 37◦C). At desired time points, 5 mL dialysis medium was taken to 
quantify GrB-Cy5 released using fluorometry and 5 mL fresh medium 
was then added (n = 3). 

2.2. Investigation on the in vitro BBB transcytosis of ApoE-PS-GrB 

The simulated BBB model was built using bEnd.3 cell monolayer in a 
transwell as reported [32]. Briefly, into the donor chambers of the 
transwells were added Cy5-labed GrB, PS-GrB and ApoE-PS-GrB with 
ApoE content of 10%, 20%, and 30% (Cy5 concentration: 2 nM) at 37◦C. 
The medium in bottom chamber was collected at 6, 12 and 24 h to 
quantify GrB-Cy5 using fluorometry, and an equal volume of fresh me-
dium was replenished. The transport ratio was defined as the ratio of the 
drugs in the bottom to the total drugs added (n = 3). 

2.3. Cellular uptake by LCPN cells 

To quantify the expression of LDLR and LRP-2 on LCPN and bEnd.3 
cells, total proteins were extracted and quantified by BCA protein assay 
kit, and equal amount of proteins were measured using western blot 
taking GAPDH as reference. 

To study the receptor-mediated endocytosis, LCPN cells in serum- 
free DMEM/F12 containing N2 and B27 with EGF and bFGF as growth 
factors were seeded in a Matrigel-pretreated 6-well plate (1.5 × 105 

cells/well) and cultured overnight. Cy5-labeled GrB, PS-GrB, ApoE-PS- 
GrB with ApoE of 10%, 20% or 30% (Cy5: 2 nM) was then added and 
incubated for 4 h at 37◦C. LCPN cells were digested by accutase and 
collected for flow cytometric analysis and analyzed using FlowJo v10. 
The inhibition experiment was carried out by pretreating LCPN cells 
with free ApoE (final concentration: 20 μg/mL) for 2 h prior to the in-
cubation with Cy5-labeled ApoE-PS-GrB (Cy5 conc.: 2 nM). 

2.4. Cytotoxicity assays of ApoE-PS-GrB 

LCPN cells were seeded in a Matrigel-pretreated 96-well plate (1 ×
103 cells/well) overnight. 10 μL free GrB, PS-GrB or ApoE-PS-GrB (GrB 

conc.: 0.39–100 nM) was incubated for 72 h. Then 10 μL CCK-8 (5 mg/ 
mL) was added to incubate for 2 h before measurement using a micro-
plate reader. The cell viability (%) was determined by comparing the 
absorbance at 450 nm with control wells cultured with PBS (100% 
viability). 

2.5. Endosomal escape evaluation and mitochondrial membrane 
destabilization 

LCPN cells were cultured on glass coverslips in 24 well plates (5 ×
104 cells/well) for 24 h. Cy5-labeled cytochrome C (CC-Cy5) was used as 
model. Cy5-labeled free CC, PS-CC, and ApoE-PS-CC (CC conc.: 4 μM) 
were added to culture for 4, 8 or 12 h. After incubation, the cells were 
fixed using 4% paraformaldehyde, and the endo/lysosomes and nuclei 
were stained with Lyso-tracker green and 4′,6-diamidino-2-phenyl-
indole (DAPI), respectively. The fluorescence images were taken by 
CLSM. The Pearsons’ colocalization coefficients of proteins and endo/ 
lysosomes in the merged images were evaluated using Image J. 

To study the effect on mitochondria, LCPN cells on coverslips in 24- 
well plate were incubated with free GrB, PS-GrB, or ApoE-PS-GrB (GrB 
conc.: 30 nM) for 24 h. The cells were then stained with MitoCapture and 
DAPI according to the manuals before CLSM observation. The fluores-
cence intensity ratio of destabilized to intact mitochondrial membrane 
(Green/Red) was semi-quantified by Image J. 

2.6. The production of CRT, HMGB1 and ATP of LCPN cells in vitro 

LCPN cells (2 × 105 cells/well) cultured in 6-well plates were incu-
bated with GrB, PS-GrB, or ApoE-PS-GrB (GrB conc.: 30 nM) in 1 mL 
DMEM/F12 medium for 48 h (n = 3). Then, the culture medium was 
taken to quantify HMGB1 and ATP by ELISA kits and enhanced ATP 
assay kit, respectively. And the cells were digested by accutase, and 
incubated sequentially with anti-CRT monoclonal primary antibody and 
Alexa fluor 633-conjugated monoclonal secondary antibody for 20 min 
at 4◦C before flow cytometry. 

2.7. BMDC and BMDM activation in vitro stimulated by CpG 
formulations 

Bone marrow-derived dendritic cells (BMDCs) and macrophages 
(BMDM) (5 × 105 cells/well) were all separately cultured in 6-well 
plates overnight before 24-h incubation with free CpG, PS-CpG or 
ApoE-PS-CpG (CpG conc.: 0.4 μg/mL) in 1 mL RPMI 1640 medium at 
37◦C (n = 3). The corresponding empty PS and ApoE-PS as well as PBS 
were used as control. Then BMDCs were stained with anti-CD11c-FITC, 
anti-CD80-APC, and anti-CD86-PE antibodies, and BMDM were stained 
with anti-CD11b-FITC, anti-F4/80-PE, and anti-CD206-Alexa fluor 647 
antibodies for flow cytometry measurement. 

2.8. In vivo pharmacokinetics of protein loaded polymersomes in mice 

All animal procedures were handled under protocols approved by 
Soochow University Laboratory Animal Center, and the Animal Care and 
Use Committee of Soochow University. Healthy C57BL/6 mice were 
administered with 200 μL Cy5-labeled free CC, PS-CC, or ApoE-PS-CC 
(0.5 μmol CC-Cy5 equiv./kg) in PBS via tail veins (n = 3). At preset 
timepoints, ca. 60 μL blood was taken from retro-orbital sinus into 
heparinized tube. After centrifugation (3000 rpm, 10 min), 20 μL plasma 
was taken to incubate for 24 h with 700 μL DMSO solution (containing 
20 mM DTT) in a shaking bath (37◦C, 200 rpm) to extract CC-Cy5. The 
concentration of extract CC-Cy5 was measured using fluorometry and 
calculated based on the calibration curve of CC-Cy5 of known concen-
trations which underwent the same treatments as blood samples. The 
CC-Cy5 concentration in plasma was plotted against time, and using 
Software PK Solver the elimination half-lives and area under the curve 
(AUC) were analyzed. 
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2.9. In vivo therapeutic efficacy of ApoE-PS-GrB and ApoE-PS-CpG 

Orthotopic malignant LCPN glioma model was established in C57BL/ 
6 mice by stereotactically injecting 5 × 104 LCPN cells in 5 μL PBS 
containing Matrigel (25 vol%) into the right striatum using a 26-gauge 
Hamilton syringe that remained in place for 5 min after injection. The 
coordinates were: 0.5 mm anterior, 1.9 mm lateral, and 3.1 mm deep. 
The day was designated as day 0. On day 5, 8, 11 and 14, 200 μL PBS, 
ApoE-PS-GrB (0.1 mg/kg), ApoE-PS-CpG (0.5 mg/kg), or combo group 
of ApoE-PS-GrB + ApoE-PS-CpG (0.1 mg/kg + 0.5 mg/kg) were intra-
venously administered (n = 9). The body weight was measured every 2 
days, and normalized to the initial weights. On day 16, ca. 120 μL blood 
was taken from four mice to get plasma for quantifying TNF-α, IFN-γ and 
IL-6 using ELISA kits. The four mice were later (day 20) sacrificed for 
immunohistochemical analysis and for flow cytometric analysis of im-
mune cells. The other five mice in the group were monitored for Kaplan- 
Meier survival curves and the mice was considered dead when the mice 
died or the body weight lost >30% or unresponsive. 

On day 20 post-implantation, when the mice of PBS group displayed 
signs of neurological deficits, one mouse from each group were 
randomly selected and sacrificed, and the main organs and tumor- 
bearing brain were removed for histological analysis using hematoxy-
lin and eosin (H&E) staining. The tumor slices were treated with ter-
minal deoxynucleotidyl transferase-mediated nick end labeling 
(TUNEL) or with anti-CRT primary antibody and Alexa fluor 633 sec-
ondary antibody to characterize CRT expression. 

On day 20 post-implantation, three mice from each group were 
euthanized, and tumors were excised and homogenized in cold PBS to 
obtain single-cell suspension. Next lysed red cells within them with 
Ammonium-Chloride-Potassium (ACK) lysis buffer, then stained with 
the corresponding antibodies according to the protocols before flow 
cytometric measurements and analysis using FlowJo v10 software. T 
cells: anti-CD3-FITC, anti-CD8-PE/Cy7 or anti-CD4-APC antibodies. 
Treg: anti-CD3-FITC, anti-CD4-APC and anti-CD25-PE antibodies. Acti-
vated antigen presenting cells: anti-CD11c-PerCP-Cy5.5, anti-CD80-APC 
and anti-CD86-PE antibodies. Macrophages: anti-CD11b-FITC, anti-F4/ 
80-APC, and anti-CD206-PE antibodies. 

2.10. Statistical analysis 

All data were represented as average value ± SD. The differences 
among groups were calculated by One-way ANOVA using Tukey’s post- 
test and the difference in survival was evaluated by One-way ANOVA 
using log-rank (Mantel-Cox) by using GraphPad Prism 8. *p < 0.05 
means significant, **p < 0.01, ***p < 0.001 and ****p < 0.0001 mean 
highly significant. 

3. Results and discussion 

3.1. Preparation of ApoE-PS-GrB 

Granzyme B (GrB) plays a vital role in our immune system. GrB once 
introducing into cancer cells will quickly induce cell apoptosis via 
attacking mitochondrion and dumping of cytochrome C and adenosine 
triphosphate (ATP) [33]. The cell death caused by GrB is likely immu-
nogenic. We have previously shown that hyaluronic acid and cell 
penetrating peptide-mediated delivery of GrB potently inhibited human 
multiple myeloma and lung tumor xenografts in nude mice, respectively 
[34,35]. The aim of this study was to investigate the immunotherapeutic 
effects of GrB (which has not been studied before) toward malignant 
glioma, for which BBB-permeable and glioma-targeted GrB nano-
formulation, ApoE-PS-GrB, was prepared from co-self-assembly of PEG- 
P(TMC-DTC)-spermine (PEG: 5.0 kDa, P(TMC-DTC): 16.9 kDa), ApoE- 
modified PEG-P(TMC-DTC) (PEG: 7.5 kDa, P(TMC-DTC): 17.1 kDa) 
and GrB [31,34]. Of note, ApoE-PS-GrB exhibited high GrB loading ef-
ficiencies of 81–100% at theoretical loading contents (TLC) of 1–5 wt% 

(Table S1), as a result of electrostatic interaction and hydrogen bonding 
between protein and spermine in the inner shell [36,37] as well as the 
disulfide-crosslinking during the polymersome preparation. ApoE-PS- 
GrB showed small sizes (42–45 nm) and neutral surface charge (zeta 
potential of 1.06–2.02 mV) (Fig. 1A and Table S1). The in vitro release 
studies using Cy5-labeled GrB (GrB-Cy5) showed over 80% release of 
GrB-Cy5 from ApoE-PS-GrB under 10 mM GSH in 24 h (Fig. 1B). In 
contrast, less than 25% GrB-Cy5 was released under non-reductive 
condition, confirming reduction-triggered protein release behavior of 
ApoE-PS-GrB. The non-targeting control, PS-GrB, obtained from PEG-P 
(TMC-DTC)-spermine and GrB had very similar biophysical and pro-
tein release properties as ApoE-PS-GrB (Fig. 1A and Table S1). 

3.2. BBB penetration, glioma-targetability and intracellular protein 
release 

To deliver GrB to the cytosol of glioma cells, passing through BBB 
and entering glioma cells are challenging requirements [35,38]. We 
firstly investigated the BBB transport behavior of ApoE-PS-GrB using 
GrB-Cy5 as model protein and bEnd.3 murine endothelial cell mono-
layer as an in vitro BBB model. The results revealed that ApoE at surface 
densities of 20% and 30% markedly enhanced GrB penetration through 
bEnd.3 cell layer at all time points (Figs. 1C and S1), corroborating high 
transcytosis of ApoE-PS-GrB [31,39]. For instance, at 24 h, ApoE-PS-GrB 
with 20% and 30% ApoE had a transport ratio of ca. 25%, which was 2.5 
and 5-fold that of non-targeted PS-GrB and free GrB, respectively. 

We then studied the cellular uptake of ApoE-PS-GrB in murine ma-
lignant LCPN glioma cells. The expression of LDLR and LRP-2 in bEnd.3 
cells and LCPN cells was analyzed by Western blot measurements. We 
and others have shown previously that bEnd.3 cells have a high 
expression of LDLRs [29,31,40]. Here, bEnd.3 cells were employed as a 
positive control. Interestingly, Fig. 1D displays that LCPN cells expressed 
considerably more LDLR and LRP-2 than bEnd.3 cells, supporting that 
LDLRs are suitable targets for LCPN glioma. Flow cytometric analyses 
showed that ApoE-PS-GrB with ApoE density of 10%, 20% and 30% had 
2.9, 4.2, and 3.8-fold better uptake than PS-GrB, respectively, in LCPN 
cells (Fig. 1E). The internalization of ApoE-PS-GrB was drastically 
reduced when LCPN cells were pretreated with free ApoE peptide, 
verifying receptor-mediated uptake of ApoE-PS-GrB in LCPN cells. 
Hereafter, ApoE-PS with 20% ApoE density, which shows efficient BBB 
transcytosis and uptake by LCPN cells, was selected for further in-
vestigations. Intriguingly, Fig. 1F shows that ApoE-PS-GrB caused pro-
nounced death of LCPN cells with an IC50 of 69.7 nM at 72 h incubation 
while PS-GrB and free GrB induced little toxicity even at 100 nM, con-
firming that ApoE-PS-GrB possesses good glioma-targetability and free 
GrB is non-toxic due to its incapability of entering cells. These results 
highlight the important role of active targeting in application of intra-
cellular protein drugs [41]. 

To preclude the toxic influence of GrB at higher concentrations, we 
employed Cy5-labeled cytochrome C (CC-Cy5) that has good availability 
and similar isoelectric point to GrB but lower toxicity as a model protein 
for cellular uptake and in vivo pharmacokinetic studies. Fig. 2A reveals 
intense and widespread cytoplasmic Cy5 fluorescence in LCPN cells 
treated for 8 h with ApoE-PS-CC. In great contrast, little Cy5 fluores-
cence was discerned in LCPN cells treated with PS-CC and free CC. The 
co-localization parameter, Pearson’s correlation coefficient between 
two variables for ApoE-PS-CC, analyzed from the merged images of 
proteins (Cy5) and endo/lysosomes (Lysotracker green) using Image J, 
decreased from 0.10, − 0.03 to − 0.34 with increasing incubation time 
from 4, 8 to 12 h (Fig. 2B), certifying efficient escape of proteins from 
endo/lysosomes. 

3.3. Mitochondrial membrane destabilization and immunogenic cell death 
by ApoE-PS-GrB 

To investigate the influence of ApoE-PS-GrB on mitochondria, LCPN 
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cells following 24 h incubation with ApoE-PS-GrB were stained with 
MitoCapture. CLSM images displayed strong green fluorescence (i.e. 
monomer form in the cytosol) with little red fluorescence (i.e. aggregate 
form in the mitochondrial membrane) (Fig. 3A), indicating highly 
permeable mitochondrial membranes. In contrast, free GrB treated cells 
had intact mitochondrial membranes. PS-GrB caused some damages to 
mitochondrial membranes though obviously less than ApoE-PS-GrB. The 

semi-quantitative analyses confirmed that ApoE-PS-GrB brought about 
significantly increased Green/Red fluorescence intensity ratio compared 
to PS-GrB and free GrB (Fig. 3B). The destabilization of mitochondrial 
membrane by ApoE-PS-GrB would in turn lead to release of CC, ATP or 
effector substances [24], which can activate cascades of tumor cell 
death. 

The destabilization of mitochondria membrane was reported to 

Fig. 1. (A) Size distribution profiles of PS-GrB and ApoE-PS-GrB. (B) In vitro release profiles of GrB-Cy5 from polymersomes in PB (10 mM, pH 7.4) with or without 
10 mM GSH. (C) The transport ratio of GrB formulations from bEnd.3 cell monolayer at 6, 12 and 24 h incubation. (D) Western blot measurements of LDLRs 
expression on bEnd.3 and LCPN cells. (E) Flow cytometric analyses of the influence of ApoE surface densities on endocytosis by LCPN cells at 4 h incubation. (F) 
Cytotoxicity of LCPN cells co-cultured with ApoE-PS-GrB, PS-GrB or GrB for 72 h (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Fig. 2. The endosomal escape of CC-Cy5 loaded polymersomes ApoE-PS-CC and PS-CC in LCPN cells (CC-Cy5 conc.: 4 μM) observed by CLSM at 8 h incubation. (B) 
Pearson’s correlation coefficient of CC-Cy5 and endo/lysosomes at 4, 8 or 12 h incubation analyzed using Image J. A Pearson’s correlation coefficient of +1, 0 and − 1 
indicates strong positive correlation, no correlation and strong negative correlation, respectively. *p < 0.05, ***p < 0.001. 

J. Wei et al.                                                                                                                                                                                                                                      



Journal of Controlled Release 347 (2022) 68–77

73

trigger calreticulin (CRT) expression on the surface of tumor cells [42]. 
In fact, CRT, ATP, and high mobility group box 1 (HMGB1) are 
considered as major biomarkers of immunogenic cell death (ICD) which 
can serve as an “eat me” signal to induce phagocytosis by the APCs 
(especially DCs) in tumor microenvironment [43]. To investigate the 
ICD induction effect of ApoE-PS-GrB in LCPN cells following 24 h in-
cubation (GrB: 30 nM), CRT on LCPN cells as well as HMGB1 and ATP in 
the culture media were analyzed. The flow cytometric histograms 
showed that ApoE-PS-GrB dramatically up-regulated the CRT expression 
compared with free GrB and PS-GrB (Fig. S2). The semi-quantitative 
analyses revealed that ApoE-PS-GrB had 23.7 and 3.7-fold higher CRT 
expression over GrB and PS-GrB, respectively (Fig. 3C). HMGB1 proteins 
normally distributed in the nuclei would migrate outside of the cell, 
acting as a Toll-like receptor agonist to stimulate DC maturation, when 
the tumor cells underwent ICD [43]. ELISA results showed that ApoE-PS- 
GrB group secreted 3.9 and 2.7-fold higher HMGB1 than GrB and PS-GrB 
groups, respectively (Fig. 3D). Furthermore, ApoE-PS-GrB group dis-
played also 5.5 and 2.2-fold higher ATP secretion than free GrB and PS- 

GrB groups, respectively (Fig. 3E). These results support that ApoE-PS- 
GrB induces immunogenic death of LCPN glioma cells. 

3.4. Immunotherapy of orthotopic LCPN glioma-bearing mice 

Encouraged by its good BBB penetration, glioma-targetability and 
strong ICD induction, we hereby evaluated the in vivo performance and 
immunotherapeutic effects of ApoE-PS-GrB toward orthotopic LCPN 
glioma-bearing mice. The in vivo pharmacokinetics using CC-Cy5 as 
model protein showed that both ApoE-PS-CC and PS-CC had a long 
elimination half-life (t1/2,β) and high area under the curve of ca. 6.5 h 
and 200 μg⋅h/mL, respectively (Fig. 4A). The biodistribution studies in 
orthotopic LCPN-bearing mice revealed that ApoE-PS-CC achieved a 
notable CC accumulation of 3.4% ID/g in the brain tumor at 12 h post i.v. 
injection, which was significantly higher than non-targeted PS-CC (**p) 
(Fig. S3). In comparison, minimal amount of CC was delivered by ApoE- 
PS-CC to the normal brain tissues (***p). These results confirm that 
ApoE-PS mediates effective BBB penetration and selective delivery of 

Fig. 3. The effect of ApoE-PS-GrB, PS-GrB and free GrB on mitochondria and release of damage-associated molecular patterns (DAMPs) in LCPN cells at 24 h in-
cubation ([GrB] = 30 nM). (A) CLSM observation of MitoCapture stained LCPN cells (red and green represent intact and destabilized mitochondrial membrane, 
respectively). (B) The fluorescence intensity ratio of destabilized to intact mitochondrial membrane (Green/Red) semi-quantified by Image J (n = 3). (C) Quantitative 
analysis of CRT exposure on LCPN cells. Concentrations of secreted HMGB1 (D) and ATP (E) in culture media. ***p < 0.001; ****p < 0.0001. (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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proteins to glioblastoma. It should be noted that as for other nano-
systems, both ApoE-PS-CC and PS-CC displayed a high accretion in the 
liver and spleen and there was no significant difference between ApoE- 
PS-CC and PS-CC in all major organs, indicating that ApoE on poly-
mersomes does not increase its uptake in healthy tissues. 

The immunotherapy of glioma might further be augmented by 
combining ApoE-PS-GrB with immunoadjuvants like CpG oligonucleo-
tide (CpG) [25,26]. As an immune adjuvant, CpG can activate DCs and 
recruit CTLs, and has achieved exciting results in glioma treatment by i. 
c. injection or CED [44,45]. Of note, non-invasive administration of 
CpG, which is preferred, for boosting immune response in glioma ther-
apy, has achieved little success. We have shown previously that CpG 
loaded in polymersomes exhibited improved dendritic cell maturation 
compared with free CpG [46]. Here, to enhance its BBB-permeability 
and bioavailability, we prepared ApoE-functionalized CpG nano-
formulation, ApoE-PS-CpG, similar to previous report [46]. ApoE-PS- 
CpG had a high CpG loading efficiency of over 93% at theoretical 
loading contents of 10–20 wt%, decent sizes of ca. 45 nm (Fig. S4A) and 
weakly negative zeta potential of ca. − 5 mV. It is shown that receptors 
like LDLR, LRP-1 and LRP-2 have elevated expression on DCs and 
macrophages [47]. In vitro BMDC stimulation results displayed that 
ApoE-PS-CpG induced ca. 60% BMDC maturation 
(CD11c+CD80+CD86+) even at a low CpG concentration of 0.4 μg/mL, 
which was significantly higher than all other groups including empty 
ApoE-PS, free CpG, and PS-CpG (Fig. S4B). Moreover, treatment of 

BMDMs with ApoE-PS-CpG significantly decreased the suppressive M2 
phenotype (M2M, F4/80+CD206+) from 56% (PBS group) to 36% 
(Fig. S4C). 

The orthotopic murine LCPN glioma mouse model was established 
by intracranial (i.c.) injection of LCPN cells into C57BL/6 mice. On day 5 
post tumor implantation, the mice were randomly assigned into four 
groups (n = 9) and i.v. injected with PBS, ApoE-PS-GrB (0.1 mg/kg), 
ApoE-PS-CpG (0.5 mg/kg), or combo group of ApoE-PS-GrB (0.1 mg/ 
kg) + ApoE-PS-CpG (0.5 mg/kg). LCPN glioma was highly malignant. 
The mice receiving only PBS exhibited rapid loss in body weight 
(Fig. 4B), owing to violent proliferation and invasion of LCPN cells into 
brain tissue. Previously, we have shown that progression of LCPN tumor 
positively correlated with loss of body weight. The body weight loss was 
retarded by all three treatments (Fig. 4B), indicating effective suppres-
sion of glioma invasion. Kaplan-Meier survival curves unveiled that both 
ApoE-PS-GrB and ApoE-PS-CpG substantially extended the survival time 
of LCPN glioma-bearing mice (**p) (Fig. 4C). More interestingly, the 
combo group of ApoE-PS-GrB + ApoE-PS-CpG induced further signifi-
cant improvement of the survival rate compared with ApoE-PS-GrB or 
ApoE-PS-CpG monotherapy (**p). The antitumor effect of ApoE-PS-CpG 
arises from its strong stimulation of anticancer immune responses in the 
glioma [48]. The above results point out that ApoE-PS-GrB is able to 
permeate BBB via LDLRs-mediated transcytosis, selectively accumulate 
in the LCPN tumor and be endocytosed by LCPN cells via binding to 
LDLRs, and promote release of GrB in the cytosol as a result of reduction- 

Fig. 4. In vivo pharmacokinetics and immunotherapy of protein loaded polymersomes. (A) In vivo pharmacokinetics of protein loaded polymersomes using CC-Cy5 as 
model protein. (B) Body weight change and (C) survival curves of orthotopic LCPN glioma-bearing mice (n = 5). The mice were i.v. injected with PBS, ApoE-PS-GrB 
(0.1 mg/kg), ApoE-PS-CpG (0.5 mg/kg), or combo group of ApoE-PS-GrB (0.1 mg/kg) + ApoE-PS-CpG (0.5 mg/kg) on day 5, 8, 11, and 14 after tumor implantation. 
Kaplan-Meier analysis: Combo group vs ApoE-PS-GrB or ApoE-PS-CpG: **p < 0.01; ApoE-PS-GrB or ApoE-PS-CpG vs PBS: **p < 0.01. (D) The tumor-containing brain 
tissue slices and tumor slices stained with H&E, TUNEL or anti-CRT antibody on day 20 post implantation. 
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triggered cleavage of disulfide crosslinks, specifically inducing immu-
nogenic cell death of LCPN tumor cells. 

Hematoxylin-eosin (H&E) staining of the tumor-containing brain 
slices illustrated that among all groups, the combo group had the 
smallest tumor in the brain and the least dense tumor texture (Fig. 4D). 
Terminal deoxynucleotidyl transferase-mediated nick end labeling 
(TUNEL) staining also showed much more extensive cell apoptosis for 
the combo group than both ApoE-PS-GrB and ApoE-PS-CpG groups. The 
anti-CRT antibody staining displayed that the combo group was the most 
capable in releasing tumor associated antigens in vivo (Fig. 4D). Of note, 
the tumor slice of PBS group showed a small amount of cell death and 

these dead tumor cells were immunogenic, as shown by the CRT 
expression. The delivery of ApoE-PS-CpG to orthotopic LCPN tumor 
would activate DCs and present antigens to CD8+ T cells, leading to anti- 
tumor immune response. It is important to note that all treatments did 
not cause damage to the major organs such as heart, liver, spleen, lung 
and kidney (Fig. S5), despite the fact that polymersomal formulations 
with or without ApoE had a high accumulation in the liver and spleen 
(Fig. S3). The reason for this observed low off-target toxicity for ApoE- 
PS-GrB is likely because of its inferior cell uptake in the healthy tis-
sues. ApoE-PS-GrB induces cytotoxic effects only when taking up by cells 
and releasing GrB to the cytosols. Hence, the i.v. administration of ApoE- 

Fig. 5. Immunological analyses of orthotopic LCPN-bearing mice after immunotherapy with ApoE-PS-GrB and ApoE-PS-CpG. Flow cytometry quantification of 
mature DCs (CD11c+CD80+CD86+) (A), M2 phenotype (CD11b+F4/80+CD206+) of total TAM (B), mature DCs/M2M (C), CTLs (CD3+CD8+ T cells) (D), and Treg 
(CD3+CD4+CD25+ T cells) (E) in the tumors (n = 3). (F) The plasma concentrations of TNF-α, IFN-γ and IL-6 (n = 4). *p < 0.05; **p < 0.01; ***p < 0.001, ****p 
< 0.0001. 
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PS-GrB and ApoE-PS-CpG provides a safe and efficient immunothera-
peutic treatment for murine orthotopic glioma. 

3.5. Immunological analyses 

To unveil the role of activated immune cells for boosting immune 
response in anti-glioma therapy, the tumor infiltrating immune cells 
from different treatment groups on day 20 were quantified using flow 
cytometric analysis. Fig. 5A shows that ApoE-PS-GrB, ApoE-PS-CpG and 
the combo group all led to considerable increase of mature DCs. DCs can 
recognize danger signals (e.g. CRT and HMGB1 released by the dying 
tumor cells) or exogenous CpG [49], and are stimulated into maturation 
showing elevated expression of molecules involved in antigen presen-
tation such as MHC II and co-stimulatory CD80 and CD86, which play a 
crucial role in activating T cells [50]. Interestingly, though three treat-
ment groups had similar total tumor-associated macrophages (TAM) 
(Fig. S6A), the proportion of the immune suppressive M2M in TAM 
decreased from PBS, ApoE-PS-GrB, ApoE-PS-CpG, to the combo group 
(from 43%, 35%, 31%, to 21%, respectively) (Fig. 5B). Notably, the ratio 
of mature DC to M2M for PBS, ApoE-PS-GrB, ApoE-PS-CpG, and combo 
groups increased from 0.10 to 0.33, 0.70 and 0.79, respectively 
(Fig. 5C). Furthermore, ApoE-PS-GrB, ApoE-PS-CpG, or combo group 
significantly elevated CD3+CD8+ T cells (CTLs) contents in tumor 
compared with PBS (1.8, 2.5 and 3.1-fold) (Fig. 5D). Encouragingly, 
CTLs in ApoE-PS-CpG group were in similar level as reported for GL261 
mouse model i.c. injected with CpG [51]. The intratumor injection of 
CpG to 4 T1 breast tumor and B16 melanoma could also generate 
abundant tumor infiltrating CTLs [52–54], though systemic injection 
had no therapeutic effect in B16 melanoma model [53]. Even though 
CD3+CD4+ T cells (Th) had no difference among groups (Fig. S6B), the 
percentages of immunosuppressive Treg in tumor and Treg in Th notice-
ably reduced in all treatment groups (Fig. 5E). Hence, the combo group 
treatment significantly elevated mature DCs and CTLs in tumors that are 
in a serious exhaustion state in glioma, and reduced the immunosup-
pressive Treg and M2M, thus remodeling the tumor microenvironment to 
a favorable immune condition. 

The plasma cytokines of the mice such as interferon gamma (IFN-γ), 
tumor necrosis factor alpha (TNF-α) and interleukin-6 (IL-6), which play 
crucial roles in the cytotoxic functions of CTLs, were quantified using 
ELISA kits (Fig. 5F). Compared to PBS group, ApoE-PS-GrB induced 
while significant increase of IL-6 (*p), only moderate increase in both 
IFN-γ and TNF-α. ApoE-PS-CpG could stimulate significantly higher 
production of IFN-γ (***p) and IL-6 (*p) but not TNF-α. In comparison, 
the combo group induced highly significant stimulation of all three cy-
tokines, IFN-γ (****p), TNF-α (****p), and IL-6 (***p), which were 10.2, 
13.1, and 2.7-fold that of PBS group, respectively. These cytokines can 
recruit and activate DCs and T cells to glioma. These results highlight 
that i.v. injection of ApoE-PS-GrB and ApoE-PS-CpG is able to trigger 
both innate and adaptive immune responses in the TME by recruiting 
and activating DCs and cytotoxic T cells, and by decreasing immuno-
suppressive M2M and Treg as well as secreting TNF-α, IFN-γ and IL-6, 
inducing enhanced immunotherapy of murine orthotopic glioma. This 
study proves that ApoE-PS-GrB can induce ICD of glioma, which 
combining with ApoE-PS-CpG stimulates strong anti-tumor immune 
responses. It is most likely that by optimizing their dose, dosing scheme 
and administration method (e.g. intranasal administration), we may 
achieve further enhanced anti-glioma therapy. 

4. Conclusion 

We have demonstrated that ApoE-mediated systemic nanodelivery of 
granzyme B and CpG induces a safe and enhanced immunotherapy of 
malignant murine LCPN glioma. LDLRs-targeting ApoE-PS-GrB not only 
exhibits enhanced BBB permeability and uptake by LDLRs- 
overexpressing LCPN cancer cells but also induces significantly more 
extensive immunogenic cell death compared with free GrB and non- 

targeting PS-GrB. ApoE-PS-CpG, on the other hand, enhances uptake 
by DCs and more efficiently triggers DC maturation (CD80+CD86+) than 
free CpG and PS-CpG. Of note, combination of ApoE-PS-GrB and ApoE- 
PS-CpG promotes effective remodeling of suppressive immune micro-
environment in LCPN glioma by (i) generating tumor antigens, (ii) 
increasing mature DCs and CTLs while decreasing Treg and M2M in the 
tumor, and (iii) increasing secretion of TNF-α, IFN-γ and IL-6 cytokines, 
leading to enhanced glioma inhibition and significant survival benefits 
over monotherapy. This ApoE-mediated systemic nanodelivery of 
granzyme B and CpG provides a novel and non-invasive immunothera-
peutic strategy for malignant glioma, which combining with immune 
checkpoint inhibitors such as anti-PD-1 and anti-PD-L1 may further 
boost glioma therapy. 
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