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Abstract Despite exciting achievements with some malignancies, immunotherapy for hypoimmuno-

genic cancers, especially glioblastoma (GBM), remains a formidable clinical challenge. Poor immunoge-

nicity and deficient immune infiltrates are two major limitations to an effective cancer-specific immune

response. Herein, we propose that an injectable signal-amplifying nanocomposite/hydrogel system con-

sisting of granulocyte-macrophage colony-stimulating factor and imiquimod-loaded antigen-capturing

nanoparticles can simultaneously amplify the chemotactic signal of antigen-presenting cells and the

“danger” signal of GBM. We demonstrated the feasibility of this strategy in two scenarios of GBM. In
(Jianxin Wang).

se Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

al Association and Institute of Materia Medica, Chinese Academy of Medical Sciences. Production and hosting

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:jxwang@fudan.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2023.06.010&domain=pdf
https://doi.org/10.1016/j.apsb.2023.06.010
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2023.06.010
https://doi.org/10.1016/j.apsb.2023.06.010


5092 Qiujun Qiu et al.
system;
Postoperative relapse;

Biomaterial;

Vaccine
the first scenario, we showed that this simultaneous amplification system, in conjunction with local

chemotherapy, enhanced both the immunogenicity and immune infiltrates in a recurrent GBM model;

thus, ultimately making a cold GBM hot and suppressing postoperative relapse. Encouraged by excellent

efficacy, we further exploited this signal-amplifying system to improve the efficiency of vaccine lysate in

the treatment of refractory multiple GBM, a disease with limited clinical treatment options. In general,

this biomaterial-based immune signal amplification system represents a unique approach to restore

GBM-specific immunity and may provide a beneficial preliminary treatment for other clinically refrac-

tory malignancies.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Immunotherapy for various hypoimmunogenic cancers presents a
formidable clinical challenge, especially for glioblastoma (GBM),
the most aggressive and immunoevasive tumour occurring in the
central nervous system (CNS); GBM currently has an extremely
poor prognosis and no curative treatment options1. Surgical
resection is the primary approach to excise the tumour bulk,
however, tumour recurrence is inevitable after surgery2e4. Im-
munotherapies with mild toxicity and durable responses have
changed the treatment landscape of various malignancies5e7 but
not that of GBM8, which can be attributed to poor immunoge-
nicity and inadequate immune infiltrates in that area of the
body7,9.

The CNS parenchyma has historically been recognized as
being immune privileged (Fig. 1A). The absence of lymphatic
drainage accompanied by the paucity of antigen-presenting cells
(APCs) poses the greatest challenge for GBM immunotherapy7,10.
However, the discovery of functional lymphatic vessels in the
meninges refutes this classic dogma and provides a pathway for
antigen drainage from the brain and APCs entry into peripheral
lymph nodes11,12. Produced in the bone marrow and attracted to
the central lesion during the disease process, dendritic cells (DCs)
are the most potent APCs and play a key role in the initiation of
anti-GBM immune responses13. Granulocyte-macrophage colony-
stimulating factor (GM-CSF) is one of the most important factors
in the recruitment and proliferation of DCs. Porous biomaterial
scaffolds loaded with GM-CSF have proven to be a promising
strategy to increase the chemotactic signal and replenish DCs
against multiple tumours and could have an effect on GBM14e16.
However, classified as a cold tumour immune milieu, GBM is
poorly immunogenic and prone to immune escape17,18, which is
another cause of immunotherapy failure. Systemic therapeutic
strategies, including immune checkpoint inhibition and combina-
tion chemotherapy, have been attempted to treat GBM by exter-
nally boosting the immune response, but limited intracerebral
penetration (ordinarily under 1% of the total dose)19e21 leads to
severe off-target effects and myelosuppression22,23, which in turn
counteracts the outcome of the immunotherapy.

To alleviate these two major obstacles, we propose an inject-
able nanocomposite/hydrogel system (DOX/RAcNPs@GM gel)
consisting of doxorubicin (DOX), granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) and imiquimod-loaded antigen-
capturing nanoparticles (RAcNPs) to simultaneously amplify the
chemotactic signal of antigen-presenting cells and the “danger”
signal of GBM antigens (Fig. 1B). Surgical debulking is the first
clinical intervention for GBM patients24, resulting in a cavity for
therapeutic implantation to circumvent both the bloodebrain
barrier and systemic side effects25. Early recurrence of GBM
normally occurs near the resection site; thus, the fast release of the
chemotherapeutic agent DOX after implantation inhibits early
recurrence and facilitates tumour-associated antigen (TAA)
exposure. Additionally, RAcNPs can efficiently capture TAAs
released from moribund cells through non-covalent
hydrophobicehydrophobic interactions26, subsequently facili-
tating the cytosolic delivery of these antigen proteins to maximize
the amplification of the immunogenic signals of GBM. Moreover,
the gradual release of GM-CSF amplifies the chemotactic signal
and ceaselessly enriches DCs to counteract the low infiltration of
APCs, ultimately turning a cold GBM hot and suppressing late
recurrence (Fig. 1C).

In the second phase of our study, we further propose an
immune-amplifying hydrogel as a safe and effective vaccine by
extracranially enriching, reprogramming, activating, and releasing
DCs (Fig. 8A). We hypothesize that encapsulation of the TOLL-
like receptor (TLR) 7 agonist R837 in nanoparticles may
construct a nano-vaccine capable of co-delivering tumour antigens
and adjuvants, which synergistically amplify the immune signals
with the GM-CSF hydrogel to inhibit the growth of unresectable
multiple GBM.

2. Materials and methods

2.1. Patient MRI images

Patient magnetic resonance imaging (MRI) images were obtained
from the Department of Neurosurgery, Fujian Provincial Hospital,
Fuzhou, China. All the patient information was obtained with
written informed consent and collected using a standard protocol
approved under the Review Board of Fujian Provincial Hospital
(Application No. K2022-04-010).

2.2. Materials, cell lines, and animals

DOXhydrochloride,R837,poly(lactic-co-glycolicacid) (PLGA75/25)
and 1,10-dioctadecyl-3,3,30,30-tetramethylindodicarbocyanine perchl
orate (DiD)were obtained fromMeilunbio (Dalian, China).Medical-
grade sodium alginate was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). DSPE-PEG
was purchased from Shanghai Advanced Vehicle Technology Co.,
Ltd. (Shanghai, China). GM-CSF was purchased from PeproTech

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Scheme of DOX/RAcNPs@GM gel for suppression of postoperative glioblastoma (GBM) recurrence. (A) The challenges of GBM

immunotherapy. (B) Sequential release of granulocyte-macrophage colony-stimulating factor (GM-CSF) and imiquimod-loaded antigen-capturing

nanoparticles (RAcNPs) for the amplification of chemotactic and “danger” immune signals. (C) Scheme for the synergistic amplification of GBM

immune signalling by DOX, GM-CSF, and RAcNPs. 1) The release of DOX induces tumour ICD and tumour-associated antigen (TAA) exposure;

2) R837-loaded NPs capture TAAs and facilitate the cytosolic delivery; 3) GM-CSF ceaselessly attracts and enriches dendritic cells (DCs) in

GBM; 4) reprogramming and activation of DCs; 5) antigen cross-presentation; 6) T lymphocyte expansion; 7) killing of residual GBM cells by

activated T cells. (D) Magnetic resonance images of patients with intracranial GBM. The yellow line depicts the indistinct and irregular border

between the GBM and normal brain tissue.
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(USA). Surgical instruments forGBMresectionwere purchased from
Shenzhen Reward Life Technology Co., Ltd. (Shenzhen, China) and
pre-sterilized by autoclaving before surgery.

Murine GBM cells C6 and GL261 and human GBM cells U87
were cultured in DMEM medium (BasalMedia, Shanghai,
China), supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin and 100 mg/mL streptomycin. DC2.4 cells
were cultured in RPMI 1640 medium (BasalMedia, Shanghai,
China) containing the same concentration of FBS and antibiotics.
Cells were cultured at 37 �C in a humidified atmosphere with 5%
CO2 before the test.

Male BALB/c and C57 mice and male SD rats at 6e8 weeks
were obtained from Shanghai SLAC Laboratory Animal Co., Ltd.
and housed under specific-pathogen free conditions. All the ani-
mal protocols were approved by the Institutional Animal Care and
Use Committee of Fudan University. Animals were allowed to eat
freely and randomized before the experiment.

2.3. Fabrication and characterization of DOX/RAcNPs@GM
gel

RAcNPs were prepared by the emulsification-diffusion
method27,28. Briefly, 10 mg PLGA75/25 (MW Z 30 kDa) were
first dissolved in dichloromethane. 4 mg/mL R837 DMSO solu-
tion was added dropwise at a ratio of PLGA: R837 Z 20:1.
Subsequently, 2 mL polyvinyl alcohol (PVA, 5%, w/v) solution
was added and shaken repeatedly to fully blend. The mixture was
ultrasonicated at a power of 400 W for 12 min. The suspension
was supplemented with another 2 mL 5% PVA solution and stirred
under magnetic for 4 h. After stirring, the organic solvent was
removed by vacuum rotary evaporation. RAcNPs were subse-
quently filtered through a sterile filter, centrifuged at 15,000 rpm
for 30 min (SCILOGEX, CF1524R, Houston, USA), and washed
twice with PBS. The PEG-modified nanoparticles (PEG-NPs)
were prepared in the same method, except that 3.33 mg of PEG-
PLGA conjugate was additionally added to the dichloromethane
solution. The size, zeta potential, and PDI of various NPs were
measured using a Malvern Zetasizer Nano ZS90 (Malvern In-
struments Ltd., UK) and the NPs morphology was observed using
a TEM (FEI Tecnai G2 Spirit 120 Kv, USA). Also, the particle
size and PDI of the nanoparticles were measured at different days
to determine the long-term stability.

The pharmaceutical-grade ALN powder was added to an
appropriate amount of redistilled water and soaked overnight, and
then stirred at 60 �C in a water bath to dissolve completely.
Concentrated DOX and GM-CSF solution was formulated and
sterilized through sterile filters. To fabricate the DOX/
RAcNPs@GM gel, sterilized DOX, GM-CSF, as well as RAcNPs
were mixed with ALN hydrogel at 4 �C for 0.5 h, and double-
distilled water was finally added to adjust the ALN concentration
to 1.5% (w/v). Vials and stir bars for the hydrogel preparation
were autoclaved before use. The morphology of ALN hydrogel
was imaged using a field SEM (FEI Nova NanoSEM 450, USA).
Hemolytic tests of DOX, RAcNPs, and GM-CSF hydrogel were
performed. The release of DOX, R837, and GM-CSF in ALN
hydrogel was studied with continuous shaking at 37 �C. On Days
0.25, 0.5, 1, 2, 4, 6, 8, 10, 12, 14, and 16, the solution was sampled
and replenished with fresh medium. Released DOX and RAcNPs
were determined using a microplate reader (Bio-Tek, USA) and
the released GM-CSF was measured using a GM-CSF kit. In
addition, the ALN hydrogel were weighed on different days to
determine the in vitro degradation.
2.4. Cytotoxicity analysis

Cytotoxicity analysis of DOX was performed on murine GBM cells
C6 and GL261 and human GBM cells U87. In brief, cells were
plated in a 96-well plate at 5 � 103 cells/well. After a 24 h culture,
the medium is discarded and replaced with 100 mL fresh medium
containing DOX at concentrations ranging from 0.04 to 25 mmol/L.
Cells were incubated at 37 �C in a 5% CO2 atmosphere for 24 or
48 h. After incubation, 25 mL MTT reagent (2 mg/mL) was added
to each well and the plate was incubated for an additional 4 h. After
removal of the medium, 150 mL of DMSO was added to each well
to dissolve the formazan crystals and the absorbance at 570 nm was
measured using a microplate reader (Bio-Tek, USA). For deter-
mining the cytotoxicity of DOX on U87 cells, cells were treated
with DOX in the same procedure. After incubation, 10 mL CCK-8
was added to each well and incubated for another 3.5 h and the
absorbance was measured at 490 nm. GBM cells without DOX
treatment served as a positive control. Cell viability was calculated
by the following Eq. (1):

Cell viability (%) Z (ODtest ‒ ODbackground) / (ODuntreatment ‒
ODbackground) � 100 (1)

2.5. TAAs exposure, capture, and cytosolic delivery

Murine GBM cells C6 and GL261 and human GBM cells U87
were first seeded in a 24-well plate (1 � 105 per well) overnight.
After washing with PBS, cells were treated with a serum-free
medium containing various concentrations of DOX (0, 1, 5,
10 mg/mL) for 12 h. The supernatant was collected and spun down
at 5000 rpm for 20 min (SCILOGEX) to remove insoluble cellular
debris. Afterward, TAAs were collected and the HMGB1 protein
was determined by HMGB-1 ELISA Kit (Shanghai Jingkang bio,
China), according to the manufacturer protocols. For the visuali-
zation of ICD markers, C6, Gl261 and U87 cells pre-treated with
10 mg/mL DOX were incubated with CRT antibody (Novus Bi-
ologicals, USA) for 0.5 h at room temperature. After washing with
PBS, cells were fixed with 4% paraformaldehyde, counterstained
with DAPI (Meilunbio, China), and finally visualized with CLSM.

To determine the TAAs captured by NPs, 2 mg of each NPs was
mixed with 1 mg antigens from ten million cells and stirred for 2 h.
Subsequently, the NPs were centrifuged at 15,000 rpm for 30 min
(SCILOGEX) to remove the unadsorbed protein. The amount of
antigen bound by the RAcNPs or non-R837-loaded nanoparticles
(AcNPs) was determined using a bicinchoninic acid analysis.

To demonstrate the enhanced intracellular delivery of TAAs by
NPs, TAAswere collected and subsequently incubatedwith RAcNPs
orPEG-NPs at 4 �Cfor 2 hwithagitation.Hereafter, TAAscomplexes
were centrifuged at 15,000 rpm for 30 min (SCILOGEX) to remove
the unadsorbed protein. Immature DC cells (1 � 106 per well) were
seededina12-wellplateand incubatedwithTAAsmixturepre-treated
with different nanoformulations. After washing with PBS, cells were
digested, centrifuged (SCILOGEX), fixed, and finally analyzed by
flow cytometry or imaged by CLSM. Antigen/nanoparticle double-
positive cells were distinguished by flow cytometry. Free TAAs su-
pernatant without being captured by NPs were set as a control group.

2.6. In vitro DCs activation

Mouse BMDCs were used to evaluate the in vitro activation ability
of DOX and RAcNPs. Firstly, bone marrow progenitor cells were
harvested from tibias and femurs of 6e8 weeks-old mice to make
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a homogeneous suspension. After lysis of red blood cells, cell
pellets were re-suspended in a complete RPMI 1640 medium
containing 20 ng/mL GM-CSF and 10 ng/mL IL-4 and seeded in a
six-well plate. Each plate was supplemented with fresh medium
containing GM-CSF and IL-4 every other day. On Day 6, the
medium was collected and centrifuged to concentrate the imma-
ture BMDCs. The cells were then seeded in a 24-well plate and
further incubated with PBS, DOX-pretreated GBM cells super-
natant, 5 mg/mL RAcNPs or 5 mg/mL Free R837 for another 18 h.
After incubation, BMDCs were collected, washed with PBS, and
stained with fluorescent conjugated CD11c, CD80, and CD86
monoclonal antibodies (mab) at room temperature for 0.5 h.
Finally, cells were washed, fixed, and analyzed with a flow
cytometer.

2.7. Intracranial retention of DOX/RAcNPs@GM gel

First, mice were anesthetized by intraperitoneal injection of 1%
isopentobarbital. Subsequently, a midline incision of the scalp was
made with a sterile scalpel and a small hole for injection of the
hydrogel was drilled. Various preparations were injected using a
microsyringe with the aid of a brain stereotaxic apparatus
(Reward, Shenzhen, China). At different time intervals, mice were
anesthetized and imaged with an IVIS (PerkinElmer, USA) to
determine the retention of RAcNPs. On Day 12, mice were
euthanized and brain tissue was dissected for ex vivo IVIS imag-
ing. For the detection of DOX retention, mice were euthanized and
brain tissue was dissected for IVIS imaging 12 days after injected
with different DOX preparations. To determine the GM-CSF
retention, mice were euthanized on Days 1 and 3. Brain tissues
were dissected and homogenized by a tissue homogenizer. After
centrifugation (SCILOGEX), the supernatant was sampled and
GM-CSF was determined using a cytokine kit.

2.8. Intracranial DCs recruitment and cytokine analysis

For the analysis of intracranial DCs recruitment, mice were first
anesthetized and craniotomied in a sterile environment as
described above. Mice were intracranially administrated with
ALN hydrogel with or without 100 mg/kg GM-CSF via a brain
stereotaxic apparatus. Brain samples were gathered 6 d after
hydrogel was injected, paraffin embedded, and sectioned. Slices
were incubated overnight with anti-mouse CD11c mab and visu-
alized by a digital slide scanner (VS200, Olympus, Japan).

To evaluate the synergy of GM-CSF hydrogel with DOX/
RAcNPs and to elicit anti-tumour immune responses from the
inside out, mice were first injected with DOX-induced GBM an-
tigen, RAcNPs with or without GM-CSF hydrogel at a dose of
antigens equivalent to 4 � 105 GBM cells, 1 mg/kg R837 and
100 mg/kg GM-CSF. Mice in the control group were injected with
an equal volume of PBS with the same procedure. Eleven days
after formulation administration, mice were euthanized. The ce-
rebral hemisphere and spleen were dissected for cytokine analysis
and T lymphocyte analysis, respectively. Hemispheres were fully
homogenized and the homogenate was further centrifuged (SCI-
LOGEX). The supernatant was collected, and IFN-g, IL-6, and
IL-12 were assayed with corresponding ELISA kits (Multi-
Science, Hangzhou, China) according to the manufacturer’s in-
structions. The tissue was fully ground and filtrated through a
70 mm cell filter to remove the tissue remnants. Cell suspensions
were concentrated and lysed on ice for 5 min using erythrocyte
lysis buffer (Meilunbio, Dalian, China). Sufficient PBS was added
to the cell suspension to terminate the lysis. After the nonspecific
adhesion adsorption was blocked, cells were then stained with
anti-mice CD3, CD4, and CD8 mab at room temperature for
40 min. The cells were finally analyzed by a flow cytometer
(Supporting Information Figs. S12 and S13; Beckman, USA).

2.9. Establishment of recurrent orthotopic GBM model

The primary GBM model was first established. Male rats aged
6e8 weeks were anesthetized and a mid-scalp incision was made
to expose the sagittal and coronal sutures. After disinfecting, a
cutting circle with a diameter of approximately 5 mm was created
by an electric drill at the right posterior side of the bregma. C6
cells (5 � 105 cells per mouse) in 5 mL PBS were slowly injected
into the cortex at a 3.5 mm depth by a microsyringe. The ste-
reotaxic coordinates of the cell injection were: 2.0 mm posterior to
Bregma and 2.0 mm lateral to the sagittal suture. The scalp was
sutured and mice were placed on a heating pad until awake.

Fourteen days after GBM implantation, rats were subjected to
living imaging and MRI using a 3T General Electric MRI system
(General Electric, USA) to assess the location of intracranial
tumour. The tumour resection procedure was performed as the
previous report under the guidance of a neurosurgeon29. All the
instruments were pre-sterilized by autoclaving before surgery.
First, a small incision was made in the scalp and the dura was
excised. The gross tumour mass was subsequently resected using a
hand-held aspiration device according to the MRI images. A
degradable gelatin sponge was pressed to the wound to prevent
massive hemorrhage. The entire procedure was performed on an
animal insulation mat at a suitable temperature.

2.10. Therapeutic effect of DOX/RAcNPs@GM gel on recurrent
GBM

To evaluate the effects of DOX/RAcNPs@GM gel on the regrowth
of C6 and survival of the rats, the gross tumour mass was resected
and the rats were divided into the following groups 14 days after
C6 implantation: (A) control group, rats received only intracranial
tumour resection without any subsequent treatment; (B) TMZ
group, animals received four i.p. injections of 10 mg/kg TMZ on
alternate days; (C) DOX/RAcNPs@gel group, rats received one
i.c. administration of DOX and RAcNPs; (D) GM@gel group, rats
received one i.c. injections of GM@gel at a dose of 20 mg/kg GM-
CSF; (E) DOX/RAcNPs@GM gel group, rats received one i.c.
administration of DOX/RAcNPs@GM gel at the same dose to
elicit an anti-GBM immune response. All rats were housed in
standard-specific pathogen-free facilities and treated by the pol-
icies and guidelines of the Chinese National Technical Committee
for Standardization of Experimental Animals. The 3T MRI system
was used to periodically monitor intracranial tumour volume by
T2 sequence and the tumour volume was calculated using a
manually drawn region of interest.

2.11. Immuno-amplified effect of DOX/RAcNPs@GM gel

To evaluate the immuno-amplification of DOX/RAcNPs@GM gel
on the C6 resection model, rats were sacrificed after different
treatments. Brains were collected and the hemispheres were fully
homogenized. The homogenate was centrifuged (SCILOGEX)
and IFN-g, IL-2 and IL-10, and TGF-b in the supernatant were
assayed with corresponding ELISA kits (MultiScience, Hangzhou,
China) according to the manufacturer’s instructions. For
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immunochemical and immunofluorescence analysis, brain sam-
ples were collected, paraffin embedded, and sectioned. Slices were
incubated overnight with CD11c, CD4, and CD8 mab and visu-
alized by a digital slide scanner.
2.12. Fabrication of NanoVac@GM gel

To prepare antigen-captured NanoVac, GBM cells were first
subjected to 5 cycles of rapid freeze in liquid nitrogen, thaw
(37 �C) and then centrifuged at 1000 rpm for 5 min. The super-
natant containing tumour lysates was collected and incubated with
RAcNPs at 4 �C for 2 h. NPs were prefiltered with a sterile filter.
To prepare NanoVac@GM gel, aliquots of GM-CSF were dis-
solved in a sterile 5% trehalose solution and subsequently mixed
with NanoVac and ALN hydrogel. An appropriate amount of PBS
was added to adjust the final concentration of ALN to 1.5%. The
whole process was carried out on a clean bench.
2.13. Immunization

Various vaccines (200 mL) were injected subcutaneously in mice
at 6e8 weeks via a syringe under brief isoflurane anesthesia.
The doses for each mouse were antigens equivalent to 5 � 105

GBM cells, 100 mg R837, and 1.5 mg GM-CSF. Blank hydrogel
without antigens, adjuvant, and GM-CSF was used as a negative
control.
2.14. Therapeutic effects of NanoVac@GM gel

The therapeutic efficacy of NanoVac@GM gel was assessed on a
multiple diffuse GBM model. C6 cells (2.5 � 105 cells per mouse)
were precisely injected into the ventricles of mice. Multiple
tumour foci were observed by MRI several days after tumour
inoculation. Six to eight weeks old mice were randomly divided
into four groups after tumour implantation. All mice received
different subcutaneous treatments two times. During the experi-
ment, mice were housed in sterile SPF-grade laboratories main-
tained at constant temperature and fed ad libitum. The death
events of the mice were recorded.
2.15. Systemic immune activation of NanoVac@GM gel

Seven days after the immunization, mice blood was withdrawn
from the retro-orbital plexus. Blood samples coagulated naturally
for 2 h at 4 �C. Hereafter, blood was centrifugated (SCILOGEX)
and serum was separated. Serum INF-g and TNF-a were deter-
mined at a certain dilution using corresponding ELISA kits (Mul-
tiScience, Hangzhou, China). For spleen T lymphocyte expansion
analysis, GBM-bearing mice were euthanized after blood collec-
tion. Spleens were separated, ground with the rubber end of sy-
ringes and filtrated through a 70 mm cell filter to remove the tissue
remnants. Cell suspensions were centrifuged (SCILOGEX) and
resuspended with erythrocyte lysis buffer (Meilunbio, Dalian,
China). After being incubated on ice for 5 min, lysis was terminated
by the addition of 5 volumes of pre-chilled PBS. Subsequently, cells
were concentrated and incubated with 1% FBS on ice for 30 min to
block the nonspecific adhesion adsorption. Cells were then stained
with anti-mice CD11c, CD86, CD3, CD4, and CD8 mab at room
temperature for 40 min. After multiple washes, cells were collected,
fixed, and finally analyzed by a flow cytometer.
2.16. Safety evaluation

Acute toxicity experiments were performed on healthy mice at
6e8 weeks. Experimental mice were randomly divided into the
following groups: Sham, Blank gel, DOX bolus (2.5 mg/kg),
DOX@gel (2.5 mg/kg), DOX bolus (0.25 mg/kg), DOX@gel
(0.25 mg/kg), RAcNPs@gel (1 mg/kg), GM-CSF gel (20 mg/kg),
DOX (0.25 mg/kg)/RAcNPs (1 mg/kg)/GM-CSF gel (20 mg/kg),
three mice in each group. During the trial, deaths were recorded.
After the experiment, the brains were dissected and HE-stained
sections were prepared for histopathological analysis. To confirm
that intracranial chemotherapy reduces systemic toxicity
compared with intravenous administration, healthy mice were
divided into three groups of 3 mice each. One group of mice was
intracranially administered DOX&RAcNPs@GM gel at a dose of
0.25 mg/kg DOX. Another group of mice received intravenous-
free DOX on days 4, 8, and 12 at a dose of 10 mg/kg. Mice
intravenously injected with PBS were set as a control group. Two
weeks after the treatment period, blood samples were collected for
hematology analysis and HE-stained sections of major organs
(heart, lung, spleen, liver, and kidney) were prepared for histo-
pathological examination.

2.17. Statistical analysis

All data are expressed as the mean � standard deviation (SD).
Two-tailed Student’s t-tests were used for statistical analysis.
Statistical differences were defined as *P < 0.05, **P < 0.01, and
***P < 0.001. The abbreviation “ns” represented no significant
difference between groups.

3. Results

3.1. Inevitable recurrence of GBM

We reviewed the brain MRI images of GBM patients with sur-
geons and found that most GBM is highly infiltrative and invasive,
with indistinct and irregular borders to normal brain tissue
(Fig. 1D). This phenomenon greatly complicates clinical surgical
resection. Infiltrating tumor cells inside the brain parenchyma
cannot be completely excised because of the damage to a healthy
brain. To study tumour recurrence after surgery, an orthotopic
GBM C6 model was established. Several small islands of tumor
cells remained around the cavity after excision (Supporting In-
formation Fig. S1A) and an apparent recurrence was observed 14
days post-surgery (Fig. S1B). Therefore, postoperative interven-
tion is critical to inhibit glioma recurrence.

3.2. Characterization of DOX/RAcNPs@GM gel

Clinical studies have confirmed that R837, as a toll-like receptor 7
agonists, can promote the maturation and antigen presentation of
DCs in glioma patients30,31. Given the poor solubility of R837, the
encapsulation of nanoparticles has been shown to help improve
the distribution and effectiveness of the drug28,32. RAcNPs and
PEGylated nanoparticles (PEG-NPs) were prepared by
emulsification-diffusion method27,28, with an average particle size
of 120 nm (Supporting Information Fig. S2A) and negative sur-
face charges (Fig. S2B). Transmission electron microscope (TEM)
images showed a spherical appearance and narrow size range of
various NPs (Fig. 2A and Fig. S2C). Long-term stability



An injectable signal-amplifying nanocomposite/hydrogel system 5097
experiments confirmed that RAcNPs were stable in PBS for more
than 3 weeks, despite the absence of a PEG hydration layer
(Supporting Information Fig. S3).

The rapid clearance at the administration site hinders the
sustained activation of immune signaling. Therefore, DOX,
RAcNPs, and GM-CSF were further encapsulated in biodegrad-
able alginate (ALN) hydrogel to obtain an injectable immune
activation system (Fig. 2B). We first examined the in vitro safety
of three components. The hemolysis experiment confirmed the
biosafety of DOX, RAcNPs, and GM-CSF (Supporting Informa-
tion Fig. S4). Fluidic ALN can match irregular brain wounds and
gelatinize spontaneously and rapidly in the presence of physio-
logical calcium ions (Fig. 2C). Based on the hydrodynamic
properties and the gelatinization conditions of ALN, we envision
developing a handheld spray containing both CaCl2 and ALN that
quickly gelatinizes through simultaneous spraying and mixing to
match a variety of irregular wounds (Fig. 2E). Scanning electron
microscope (SEM) images substantiated the formation of ALN
hydrogel with a porous network structure (Fig. 2D) and confocal
laser scanning microscopy (CLSM) images indicated the homo-
geneous distribution of RAcNPs in ALN hydrogel (Fig. 2F).

DOX is beneficial for killing residual tumour cells in a timely
manner while GM-CSF and RAcNPs are conducive to eliciting
durable immune responses. Next, we investigated the release
profiles of DOX, GM-CSF, and RAcNPs from the hydrogels with
different ALN concentrations (Fig. 2G). As expected, the three
substances were released from hydrogel in an ALN concentration-
dependent manner. The degradation and release rate of hydrogel
slowed down with the increase of ALN concentration (Supporting
Information Fig. S5), indicating that ALN hydrogel is a good drug
delivery carrier with an extended-release period.

3.3. DOX/RAcNPs enhance GBM immunogenicity

Anthracycline-treated tumour cells are generally resultful at
improving anti-tumour immune responses by facilitating TAAs
exposure and damaging associated molecular molecule pattern
(DAMP) release (Fig. 3A)33. To verify the feasibility of this
dogma on GBM, a cytotoxicity analysis of DOX was first per-
formed. Shown in Fig. 3B and Supporting Information Fig. S6,
DOX displayed potent broad-spectrum cytotoxicity against
various GBM cells, including human and mouse cell lines, in a
dose- and time-dependent manner. CLSM images revealed rapid
proapoptotic translocation of calreticulin (CRT) to the cell surface
after a brief incubation with DOX (Fig. 3C), an "eat me” signal
that triggers the recognition and clearance by APCs34,35. Mean-
while, DOX treatment induced a significant extracellular release
of high-mobility group box 1 (HMGB1, Fig. 3D), a DAMP that
plays a key role in mediating inflammatory reaction and DCs
maturation36. Also, immunofluorescence analysis confirmed that
intracranial administration of DOX could induce GBM apoptosis
and CRT exposure in vivo (Supporting Information Fig. S7),
consistent with the results of ex vitro tests.

Next, we sought to verify our initial hypothesis that RAcNPs
could affect the recognition and cytoplasmic delivery of antigens
released after DOX treatment to maximize amplify immunogenic
signals (Fig. 3A). Green fluorescent protein (GFP) was used as a
detectable intracellular antigen and RAcNPs were labeled with
DID, a dye that emits red fluorescence. After incubation with
tumour antigens for 2 h, the total amount of protein bound by each
nanoformulation was first quantified. As displayed in Fig. 3E,
RAcNPs, and AcNPs successfully captured a larger number of
antigen proteins. Qualified and quantitative analysis obtained by
CLSM images and flow cytometry further demonstrated the
improved cytoplasmic delivery of antigen upon capture by AcNPs
compared with free antigens, regardless of R837 loading (Fig. 3F
and G). However, the PEG layer interfered with the adsorption and
subsequent intracellular delivery of antigens. Taking into account
the physicochemical characteristics and the results of ex vitro cell
experiments, RAcNPs, instead of PEG-NPs, should be used in
subsequent tests. A large number of DCs emitting both red and
green fluorescence were detected by flow cytometry (Supporting
Information Fig. S8), indicating the successful co-delivery of
antigens and NPs by RAcNPs. More importantly, DOX combined
with RAcNPs significantly upregulated the expression of CD80/86
on the surface of bone marrow DCs (BMDCs, Fig. 3H and I and
Supporting Information Fig. S9), compared with DOX or RAcNPs
alone, demonstrating the complete mature and activation of DCs.
These results confirm that DOX in collaboration with RAcNPs
effectively promotes tumor antigen exposure and subsequent de-
livery of this dangerous antigen signal to DCs.

3.4. GM-CSF hydrogel prolongs drug retention and increases
the immune infiltrates

The rapid clearance at the administration site hinders the sustained
activation of immune signaling, hence we investigated the intra-
cranial retention behavior of DOX, RAcNPs, and GM-CSF. DOX,
DiD-labelled RAcNPs, and GM-CSF were either dispersed in PBS
(bolus) or encapsulated in ALN hydrogel which was subsequently
injected into the brain. The residual DOX and RAcNPs were
monitored by an in vivo imaging spectrum system (IVIS) and GM-
CSF was determined by an ELISA kit. The encapsulation by ALN
hydrogel, as shown, greatly prolonged the intracranial residence of
three drugs. While 97.6% of the signal from the RAcNPs bolus
was undetectable at the injection site on Day 8, 70.5% of that from
RAcNPs@gel remained detectable (Fig. 4A, C and Supporting
Information Fig. S10). DOX@gel exhibited analogous prolonged
retention at the injection site on Day 12, though the signals from
DOX bolus almost disappeared (Fig. 4B). Similarly, the concen-
tration of GM-CSF was 38.7-fold higher in the GM-CSF gel group
than that in the GM-CSF bolus group 72 h after injection (Fig. 4E
and F). Collectively, ALN hydrogel is a good candidate for the
sustained release of multiple drugs.

The priming of anti-tumour immune response is a sophisticated
process that requires multiple stimulatory signals originating from
DCs37,38. Next, we sought to verify the other initial hypothesis that
GMeCSFeloaded hydrogel can amplify the chemotactic signal,
and attract and increase the intracranial DCs infiltration (Fig. 4D).
As key initiators of anti-tumour immune responses, an increase in
the number of DCs in the brain was determined by immunohis-
tochemical analysis on Day 6 post-injected with GM-CSF gel
(Fig. 4E). The number of DCs in the brains of mice treated with
GMeCSF-loaded hydrogel was 2.9 times that of mice treated with
blank hydrogel (Fig. 4G), demonstrating the feasibility of intra-
cranial cytokine administration strategy.

3.5. DOX/RAcNPs synergistic with GM-CSF to enhance
immune responses

Adequate intracranial DCs infiltration and enhanced antigen pre-
sentation are both critical for triggering maximum anti-GBM
immunity. Therefore, we next investigated whether DOX/RAcNPs
combined with GM-CSF can improve adaptive immunity



Figure 2 Design and characterization of DOX/RAcNPs@GM gel as a drug-delivery depot. (A) Preparation and particle size of RAcNPs and

PEG-NPs. (B) Schematic illustration of ALN hydrogel for the encapsulation of DOX, RAcNPs, and GM-CSF. (C) Representative photographs of

ALN hydrogel and the formation of diverse geometric shapes after syringe injection. ALN gelatinizes rapidly after cross-linking with calcium

ions. (D) Representative scanning electron microscope images of ALN hydrogel. Scale bar, 200 mm (left) and 80 mm (right). (E) Representative

images of thin films formed by simultaneous spraying of ALN and calcium chloride solutions. (F) Confocal microscopy images of the uniform

distribution of RAcNPs in ALN hydrogels. Scale bar, 20 mm. (G) Release profiles of each agent from DOX/RAcNPs@GM gel. Data are presented

as mean � SD (n Z 3). Two-tailed Student’s t-test were used for statistical analysis.
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(Fig. 5A). Inflammatory cytokines and the expansion of immune
respondersdT lymphocytes were analyzed on Day 11 after
various treatments. Shown in Fig. 5B, more helper T cells
(CD3þCD4þ) and cytotoxic T cells (CD3þCD8þ) were detected
in the mice treated with DOX/RAcNPs loaded GM-CSF hydrogel
(DOX/RAcNPs@GM gel) than those with PBS or DOX/RAcNPs
without GM-CSF. Meanwhile, the intracerebral interferon-g (IFN-
g) concentration in DOX/RAcNPs@GM gel group was much
higher than other groups without GM-CSF (Fig. 5C and D),
indicating a compensatory improvement in immune infiltration
mediated by DOX/RAcNPs and GM-CSF.
3.6. Therapeutic efficacy of DOX/RAcNPs@GM gel on
recurrent GBM

The above results have confirmed that DOX/RAcNPs can enhance
GBM immunogenicity, while GM-CSF can increase intracranial
immune infiltrates. In the next step, we investigated the synergistic
effect of both of them on GBM recurrence. A safe dose of the drug
is the key to its therapeutic effect. We first carried out an acute
toxicity analysis to opt for a safe dose. Following intracranial
administration of 2.5 mg/kg DOX, several mice died during the
experiment, but deaths were averted and no cerebral hemorrhage



Figure 3 DOX/RAcNPs enhance GBM immunogenicity. (A) Schematic illustration of antigens exposure and DCs activation triggered by

DOX/RAcNPs. (B) Cytotoxicity analysis of DOX on C6 GBM cells (n Z 4). (C) Fluorescent images of CRT exposure on the surface of C6 cells

after DOX treatment. Scale bar, 100 mm. (D) HMGB-1 release from GBM cells treated with various concentrations of DOX (n Z 4). (E) The

amount of antigen adsorbed by various NPs (n Z 6). (F) Flow cytometry analysis and (G) confocal microscopy images of DC cells after in-

cubation of various preparations. Blue, cell nuclei; green, GBM antigens. Scale bar, 50 mm. (H) Flow cytometry and (I) quantitative analysis of

matured DCs after various stimuli. Mice bone marrow DCs expressing both CD80 and CD86 were selected and defined as mature DCs (n Z 4).

(B, C, D, E, I) Data are presented as mean � SD. Two-tailed Student’s t-test were used for statistical analysis. **P < 0.01, ***P < 0.001.
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or injury was observed when the DOX dose was reduced to
0.25 mg/kg (Supporting Information Figs. S11A and B). Acute
toxicity of intracranial injections of RAcNPs and GM-CSF was
also investigated. As expected, the two components were safe and
did not negatively affect the mice’s health or behavior. Therefore,
the doses of DOX, R837, and GM-CSF for intracranial adminis-
tration were 0.25 mg/kg, 1 mg/kg, and 20 mg/kg, respectively.

To evaluate the suppressed effect of DOX/RAcNPs@GM gel
on GBM regrowth, an orthotopic C6 tumour model was estab-
lished. On Day 14 after tumour engraftment, the gross tumour
mass was surgically resected and hydrogel was injected into the
cavity (Fig. 6A and C). IVIS imaging notarized the successful
excision (Fig. 6B). The bioluminescence of glioma cells after
surgical resection is almost impossible to detect. MRI is the gold
standard for clinical GBM diagnosis and postoperative recur-
rence monitoring. Using MRI procedures, we visualized the
morphology of intracranial tumors in rats (Fig. 6D). Also, we
periodically monitored the development of recurrent GBM by a
3T nuclear MRI system. As shown in Fig. 6E, aggressive growth
of the tumour was observed in the rats without any treatment
(Control group). In addition, tumours in rats treated with TMZ
also grew barbarically, with a negligible remission of GBM
progression compared with the control group. The rats treated
with DOX/RAcNPs@gel displayed reduced tumour volume on
Day 8 post-surgery (Fig. 6F; P Z 0.0480 compared with the
control group). Nevertheless, tumours continued to grow and all



Figure 4 GM-CSF hydrogel prolongs drug retention and increases the immune infiltrates. (A) Real-time in vivo fluorescence imaging of mice

injected with RAcNPs@gel or RAcNPs bolus. (B) Ex vivo fluorescence imaging of mice 12 days after injection of DOX@gel or DOX bolus. (C)

Quantitative analysis of residual fluorescence intensity of RAcNPs. (D) Interpretation of GMeCSFeloaded hydrogel increasing intracranial DCs

infiltrates. (E) Immunochemical analysis of mouse brain after injection of blank gel or GM-CSF gel. Scale bar, 200 mm. (F) Brain GM-CSF

concentration in mice treated with GM-CSF bolus or GM-CSF gel. (G) The number of DCs in brain slices. (B, C, F, G) Data are presented

as mean � SD (n Z 3). Two-tailed Student’s t-test were used for statistical analysis. ***P < 0.001.
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rats died within 32 days after surgery, presumably attributed to
the insufficient immune infiltrates in the tumor site. In contrast,
the rats receiving DOX/RAcNPs@GM gel provided durable
tumour suppression, covering both early and late stages of GBM
recurrence (Fig. 6F). Tumour volumes throughout the experi-
mental period were much smaller than those in control
(P Z 0.0149 on Day 20 post-surgery) or TMZ group
(P Z 0.0247 on Day 20 post-surgery).

Inspired by the successful anticancer effect against the GBM
model, we further investigated the immune response underlying
the observed therapeutic efficacy of DOX/RAcNPs@GM gel. The
concentrations of IFN-g, interleukin-2 (IL-2), IL-10, and trans-
forming growth factor-b (TGF-b) in the tumour site were deter-
mined to investigate the enhanced anti-tumour immune responses
and attenuated immunosuppressive signaling (Fig. 7A and B). The
levels of IFN-g, which promote T-cell responses by stimulating
the antigen processing and presentation machinery, were found to
be about 2.1e3.2-fold higher in rats receiving DOX/
RAcNPs@GM gel than those in the control groups (Fig. 7A).
DOX/RAcNPs@GM gel also elevated the concentration of IL-2,
but an opposite trend was found for IL-10 and TGF-b. A slight
decrease for intracranial TGF-b and an obvious shrinkage for IL-
10 were detected in the rats in DOX/RAcNPs@GM gel group
(Fig. 7A). Meanwhile, tumors were further collected and the im-
mune infiltration was analyzed by immunofluorescence (Fig. 7C).
An enhanced CD11cþ DCs infiltration in GBM microenvironment
of DOX/RAcNPs@GM gel group was first observed. The number
of CD8þ cytotoxic T cells in the GBM microenvironment was
greatly increased after intracranial administration of DOX/
RAcNPs@GM gel, which was much higher than that in other
groups. DOX/RAcNPs@GM gel could also increase the frequency
of CD4þ helper T cells.

All the above results demonstrated that an intracavity injection
of immune-amplified hydrogel in a postoperative model could not
only enhance the GBM immunogenicity but also increase intra-
cranial immune infiltrates, ultimately resulting in a durable and
potent immune response for the suppression of full-stage GBM
regrowth.

3.7. Biosafety evaluation

Systemic injection of DOX is known to cause severe myelosup-
pression and heart, liver, kidney, and testicular damage. We hope to
investigate whether systemic toxicity and myelosuppression could



Figure 5 DOX/RAcNPs synergistic with GM-CSF to enhance immune responses. (A) Interpretation of improved immune response. (B) The

number of lymphocytes in mice intracranially injected with PBS, DOX/RAcNPs@gel, or DOX/RAcNPs@GM gel. (C, D) The concentration of

brain inflammatory cytokines in mice intracranially injected with PBS, DOX/RAcNPs@gel, or DOX/RAcNPs@GM gel. Data are presented as

mean � SD (n Z 5). Two-tailed Student’s t-test were used for statistical analysis. **P < 0.01, ***P < 0.001.
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be avoided by topical administration of hydrogel encapsulated
chemotherapeutic drugs DOX and other immune promoters
(RAcNPs and GM-CSF). After different treatments, blood samples
were collected for hematology analysis, and HE-stained sections
were prepared for histopathological analysis. Compared with the
drastic decrease in blood leukocytes and severe splenic and renal
toxicity in mice after intravenous administration of DOX, mice
were in good condition after intracranial injection of DOX/
RAcNPs@GM gel at the doses of 0.25 mg/kg DOX, 1 mg/kg
RAcNPs and 20 mg/kg GM-CSF. After DOX/RAcNPs@GM gel
treatment, no injuries were observed in the brain, heart, lung,
spleen, liver, kidney, and other major organs, and no significant
changes in the number of white blood cells were detected
(Fig. S11C, D and E). The results were confirmed by hematology
analysis and histopathological examination (Supporting Informa-
tion Table S1).

3.8. Development of an extracranially administered immune-
amplifying vaccine for non-invasive treatment of unresectable
multiple GBM

Intracranially administrated chemo-immune hydrogels confer
great benefits in postoperative GBM therapy, however, the topical
regimen is feeble towards unresectable systemic metastases or
multiple lesions. Therefore, we utilized the antigen capture
property of RAcNPs and the DCs recruitment ability of GM-CSF
to construct an immuno-amplifying vaccine that triggers potent
humoral and T-cell responses to treat unresectable multiple GBM
by extracranially enriching, reprogramming, activating, and
releasing DCs (Fig. 8A). GBM-lysed antigens were first captured
by RAcNPs to fabricate nanovaccines (NanoVac) and further
encapsulated into a GMeCSF-loaded hydrogel (NanoVac@GM
gel).

We first evaluated the therapeutic efficacy of NanoVac@GM
gel on a multiple diffuse GBM model (Fig. 8B). Mice were in poor
condition after successful model establishment. Mice given
NanoVac@GM gel exhibited significantly longer median survival
than other groups (Fig. 8C). Tumor volume quantified by MRI
further identified that the prolonged survival could be attributed to
the suppression of intracranial tumor growth (Fig. 8D). Further-
more, we evaluated the systemic immune activation mediated by
NanoVac@GM gel. The frequency of spleen lymphocytes and the
serum cytokines level was measured to determine the strength of
the systemic anti-GBM response. Seven days after different
treatments, serum IFN-g and TNF-a concentration and spleen T
lymphocytes were determined by ELISA kits or flow cytometry,
respectively. A higher number of spleen matured DCs, CD4þ and
CD8þ T cells (Fig. 8F), and an elevated IFN-g and TNF-a level
(Fig. 8E) were found in NanoVac@GM gel-vaccinated mice
compared with those in the mice treated with GM@gel or
NanoVac@gel.

4. Discussion

GBM is the most aggressive and malignant brain tumour. The
standard therapy for GBM clinically is surgical resection followed



Figure 6 Therapeutic efficacy of DOX/RAcNPs@GM gel on recurrent GBM. (A) The therapeutic schedule for recurrent GBM. Mice were

surgically resected with tumour mass on Day 14 after engraftment and received various treatments. (B) In vivo fluorescence of mice underwent

surgical excision. (C) Image of mice with or without in situ hydrogel injection. (D) The shape of intracranial tumors reconstructed by MRI images.

(E) MRI images (F) and quantitative analysis of tumour area in GBM-bearing mice after different treatments. Data are presented as mean � SD

(n Z 3). Two-tailed Student’s t-test were used for statistical analysis. *P < 0.05, **P < 0.01.
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by radiotherapy and adjuvant chemotherapy, such as oral TMZ.
Nevertheless, the median survival remains 15 months39. Relative
to other tumour types, GBM shows scarce tumour-infiltrating
APCs and other immune effector cells40. A large number of
failed cases of GBM immunotherapy support this verdict. A phase
III trial (CheckMate-143) comparing the immune checkpoint in-
hibitor nivolumab with angiogenesis inhibitor bevacizumab in the
treatment of recurrent GBM show no overall survival (OS)
benefit41. Another phase III trial announced in 2019 (CheckMate-
498, NCT02617589) also failed to obtain OS advantage in newly
diagnosed O6-methylguanine-DNAmethytransferase promoter-
unmethylated GBM patients42. In that trial, nivolumab combined
with radiation was compared with TMZ plus radiation.

Incentivized by promising initial results, DCs-base vaccines
have been explored in pediatric and adult patients with GBM for
decades. These DCs-based vaccination approaches, ordinarily,
require ex vivo cell isolation and activation, followed by the
introduction of these programmed cells into GBM patients to
enhance responses43,44. Aside from the high cost, numerous open
questions remain to be addressed to guarantee the therapeutic
efficacy of this sophisticated process45,46. For one, more than 90%
of cells die during transplantation and few succeed in homing to
the LNs47,48. In contrast to vaccines that rely on such a tedious
ex vivo procedure to modulate DCs, GMeCSF-loaded biomaterial
scaffold imitates an infection environment to enrich a large
number of immature DCs in situ for antigen recognition and
loading49. DCs, the most potent APCs in our body, has been
identified as recruited and proliferated by GM-CSF. Such bio-
logical scaffolds provide a suitable platform to manipulate,
directly in the body, DCs recruitment, maturity, and finally
emigration to LNs16,50 and a promising strategy for the treatment
of various malignancies51e54. In this investigation, a porous ALN
hydrogel was developed as a drug reservoir and residence for DCs
mature. Crosslinked with calcium ions and gelatinized quickly via
local administration, ALN is a kind of natural polysaccharide
widely used in tissue engineering and drug-controlled release55,56.
This injectable pore-forming hydrogel, composed of a bulk and
porous network, involves simple preparation, minimally invasive
delivery, biodegradable properties, tunable release kinetics
through modulation of molecular weight and concentration, as
well as ready incorporation of a wide array of therapeutics57.

In this study, we attempted to fabricate a
chemoimmunotherapy-based ALN hydrogel releasing DOX,
RAcNPs, and GM-CSF to actively recruit DCs and subsequently



Figure 7 DOX/RAcNPs@GM gel mediates antitumor immune recovery on relapsed GBM. (A) quantitative analysis and (B) heatmap of

cytokine levels in brain tumours. Data are presented as mean � SD (n Z 4). Two-tailed Student’s t-test were used for statistical analysis.

*P < 0.05, **P < 0.01, ***P < 0.001. (C) Immunofluorescence analysis of brain tumours after various treatments. Blue, cell nuclei; orange,

CD11cþ DCs; green, CD4þ T cells; pink, CD8þ T cells, scale bar Z 200 mm.
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elicit a durable anti-tumour response, and confirmed its thera-
peutic effect on a recurrent GBM model. A variety of approaches,
including photothermal therapy58,59, radiation therapy32, ultra-
sound therapy60, and chemotherapy61 have been explored as
means to boost the response rate of many “cold” tumour. How-
ever, myelosuppression, one of the serious complications of cur-
rent systemic chemotherapy and radiotherapy regimens, causes
life-threatening neutropenia and thrombocytopenia and hinders
the deployment of oncology treatments62. The same rule applies to
oral TMZ. Patients receiving TMZ, especially in intensified dose
regimens, are immunosuppressed and have an increased incidence
of opportunistic infections22,23. In our work, the locally adminis-
tered chemoimmunotherapy regimen circumvents this problem.
No decrease in blood leukocytes or damage to major organs, but a
promoted anti-tumour response was observed in mice receiving an
intracranial injection of DOX/RAcNPs@GM gel. Histopatholog-
ical examination and hematology assays confirmed the biosafety
and immunochemical analysis determined the enhanced intracra-
nial immune response of DOX/RAcNPs@GM gel.

Enlightened by nanomaterial-based tumour vaccines, we
developed an antigen-captured nanovaccine to further improve the
immunogenicity of GBM. Nanomaterials have been extensively
validated to enhance intracellular delivery of therapeutics63e67,
especially biological macromolecules68, and immune signal-
ing69e71. R837 is a TLR-7 ligand, which could remarkably
upregulate the expression of intercellular adhesion molecule-1 and
induce the secretion of a variety of inflammation cytokines72. The
co-delivery of TAAs and TLR agonists by the same NPs promotes
antigen internalization, process, and presentation, which is crucial
to induce tumour-specific T-cell responses73. Moreover, further



Figure 8 Non-invasive treatment of NanoVac@GM gel against orthotopic multiple GBM. (A) Schematic illustration of NanoVac@GM gel that

triggers potent humoral and T-cell responses by extracranially enriching, reprogramming, and releasing DCs. (B) The therapeutic schedule for

unresectable multiple GBM. (C) Survival of mice with multiple GBM. (D) Quantitative analysis of tumour area based on MRI imaging. (E) Serum

cytokines level in mice after immunization (n Z 4). (F) The number of DCs and T lymphocytes in mice spleen after immunization (n Z 3). Data

are presented as mean � SD. Two-tailed Student’s t-test were used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001.
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loaded into the three-dimensional and porous ALN hydrogel,
NanoVac@GM gel provided a sustained release of GM-CSF to
concentrate a good deal of DCs with distinct subsets, and the co-
delivery antigens and TLR agonists to program DCs to elicit anti-
GBM responses.

5. Conclusions

Immunotherapy for GBM remains a formidable challenge in the
clinic. Relative to other tumour types, GBM shows scarce tumour-
infiltrating DCs and other immune effector cells40. A large number
of failed cases of GBM immunotherapy support this verdict. In
this work, we attempted to fabricate a chemoimmunotherapy-
based ALN hydrogel slowly releasing DOX, RAcNPs, and GM-
CSF to actively recruit DCs and subsequently elicit a durable
anti-tumour response. We confirmed the excellent therapeutic ef-
fect of this immune-amplifying hydrogel on a recurrent GBM
model. Additionally. the locally administered
chemoimmunotherapy regimen circumvents the myelosuppression
and other side-effect caused by current systemic chemotherapy
effectively. To conclude, this study describes a biomaterial-based
immune-amplification device loaded with RAcNPs and GM-CSF,
which has achieved good results in both postoperative recurrent
and multiple GBM models.
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