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ABSTRACT ARTICLE HISTORY
Glioma is the most common primary malignant tumor of the central nervous system in adults. Received 2 September 2024
Although immunotherapy, especially tumor vaccines, has made some progress in the treat- Revised 28 October 2024

ment of gliomas compared with surgery and radiotherapy. However, the lack of specific or Accepted 1 November 2024
relevant tumor antigens severely limits the further development of tumor vaccines. Here, we KEYWORDS

report a bio-derived vaccine (TMV@CpG) derived from glioma cell membrane vesicles and Bio-derived nanovaccine;
carrying TLR9 agonist CpG as adjuvant, which was loaded onto the GeIMA microneedle to GelMA gel; microneedle
obtain the microneedle vaccine (MN-TMV@CpG). Microneedle vaccine fully utilize the innate vaccine; glioma; cellular
immune cells rich in the skin, inducing stronger cellular immune responses. In subcutaneous immunity

tumor models, MN-TMV@CpG reversed the immune-suppressing microenvironment of tumor,

and effectively inhibited tumor progression. In an intracranial tumor model, MN-TMV@CpG

significantly prolonged the survival duration and induced stronger immune memory responses

in tumor bearing mice when combined with anti-PD1 mAb. These results suggest that bio-

derived nanovaccines can be used as a potential antitumor immunotherapy strategy.
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IMPACT STATEMENT

We developed a microneedle vaccine with a multivalent antigen and adjuvant CpG that
induces strong anti-tumor immunity and immune memory, thereby prolonging survival of
glioma-bearing mice.
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1. Introduction

Gliomas are the most common primary malignant
tumors of the central nervous system and exist within
the intrinsic blood-brain barrier with a highly hetero-
geneous, aggressive, and specific tumor microenviron-
ment [1,2]. This poses a great challenge for the
treatment of gliomas. Currently, gliomas are treated
with surgical resection, radiotherapy and chemother-
apy. However, gliomas have a poor prognosis due to
their characteristics that make them difficult to com-
pletely resect in treatment, high recurrence and mor-
tality rate [3-5]. In recent years, the effectiveness of
immunotherapy has been demonstrated in a wide
range of tumors. Researchers have used chimeric anti-
gen receptor (CAR) T cell therapy [6-8], lyssavirus
therapy [9-11], immune checkpoint therapy [12-14]
and tumor vaccines [15-18] to try to treat glioma. For
the development of glioma tumor vaccines, the vac-
cine CDX-10, which targets a single tumor antigen,
did not show a significant improvement in survival in
the treatment versus control group in a phase III
clinical trial [19]. The results of a phase III clinical
trial using a dendritic cell (DC) vaccine loaded with
autologous glioma cell lysates showed a significant
prolongation of patient survival, with a median survi-
val of 23.1 months postoperatively in the treatment
group and 2- and 3-year survival of 46.2% and
25.4%, respectively [20]. Therefore, the development
of vaccines for glioblastoma can be carried out in two
ways, one is how to activate a strong innate immune
response by virtue of a limited number of antigens and
reduce the activity of immunosuppressive cells, thus
facilitating the function of DCs in antigen processing
and presentation. On the other hand, increasing the
antigen variety amplifies the recognition of tumor cells
by DCs and T cells, resulting in a stronger antitumor
response

Currently, tumor therapy is enhanced by increasing
DCs targeting and using biomimetic vehicles [21,22].
In particular, tumor cell membrane (TMV) inherits all
specific and relevant antigenic proteins of tumor cells
[23]. Compared with whole-cell lysates, TMV does not
contain the genetic material of tumor cells and has
a good safety [24,25]. Tumor vaccines developed based
on TMV have been applied in the treatment of various
tumors such as melanoma [26], breast cancer [27], and
non-small cell lung cancer [28]. Hence, it is reported
here a bio-derived nanovaccine based on TMV of
glioma as a carrier and antigen source for nanovac-
cines. Meanwhile, the fortification of vaccine-induced
antitumor response (TMV@CpG) by introducing the
TLRY agonist CpG into TMV. In addition, studies
have shown that transdermal administration induces
stronger humoral and cellular immune responses
compared to subcutaneous administration [29-31].
Microneedles, as a classical transdermal drug delivery
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method, not only deliver drugs intradermally in
a noninvasive manner, but also the high patient com-
pliance and convenience make them a highly promis-
ing vaccination modality [32-34]. We used GelMA
hydrogel to fabricate microneedles and loaded nano-
vaccines onto the microneedles to prepare
a microneedle vaccine (MN-TMV@CpG, Scheme 1).
The passive diffusion of particles within the skin and
the active uptake of intradermal-resident DCs were
utilized to induce a strong anti-tumor immune
response. Furthermore, the combination of anti-PD1
mAb and vaccine for intracranial glioma not only
significantly prolonged the survival of mice, but also
induced a strong immune memory. Thus, micronee-
dle-loaded bio-derived nanovaccines are expected to
be an effective means of treating gliomas.

2. Materials and methods
2.1. Materials

Gelatin methacryloyl (GelMA) and Lithium phenyl
(2,4,6-trimethylbenzoyl) phosphinate (LAP) were pur-
chased from EFL-Tech Co.,Ltd, China. Fluorescent
dye Cy5, DAPI and Lyso-TrackerGreen were pur-
chased from Beyotime, China. Anti-mouse PD1 was
purchased from Bioxcell, U.S.A. CpG ODN was pur-
chased from Sangon, China. DMEM, RPMI 1640,
Fetal Bovine Serum, Trypsin and phosphate buffered
solution (PBS) were purchased from Gibco, U.S.A.
BCA protein assay kit, RIPA lysis buffer, Protease
inhibitor, Permeabilization Wash Buffer, Fixative buf-
fer were purchased from ThermoFisher, U.S.A. MTT,
IL-4, Granulocyte-macrophage colony stimulating
factor (GM-CSF) and Mouse bone marrow lympho-
cyte kit were purchased from Solarbio. The mouse IL-
12 Elisa Kit, mouse IL-6 Elisa Kit and mouse TNF-a
Elisa Kit were purchased from Biolegend (U.S.A.).

The following anti-mouse mAb were purchased from
Biolegend, U.S.A.: Zombie Aqua™ Fixable Viability Kit,
CD16/32 antibody, CD45-APC/Fire750, CD11c-PE,
CD86-FITC, CD3-PerCP/Cy5.5, CD4-FITC, CD8-
AF700, CD69-BV421, CD44-PE, CD62L-APC, CD11b-
FITC, Gr-1-AF647, Ki67-PE/Cy7, IFN-y-APC.

2.2. Cell and mice

DC2.4 and GL261 cell lines were purchased from the
American Type Culture Collection (ATCC). DC2.4 was
cultured in RPMI1640 medium. GL261 was cultured in
DMEM medium. All cell lines were cultured in a 37°C
and 5% CO2 humidified incubator. The bone marrow
cells were isolated from the mouse tibia and femur by
mouse bone marrow lymphocyte kit and resuspended
in RPMI1640 medium containing 20 ng/mL GM-CSF
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Scheme 1. Schematic illustration of microneedle vaccine and their eliciting antitumor immune responses. Preparation process of
tumor membrane vesicle nanovaccine (Tmv)and loading into microneedle patch. Microneedle vaccines form depot at the injection
site, where a portion of the nanovaccine is taken up by skin-resident DCs leading to DC activation, and the other portion carries on
draining lymph nodes to activate DCs through size effect, thus inducing a stronger anti-tumor immune response.

and 10 ng/mL IL-4. The medium was semi-changed
every 3days, and the suspension cells and semi-
adherent cells were collected on the 6th day to obtain
Bone marrow-derived dendritic cells (BMDCs).

Animal studies were conducted with the approval
of the Experimental Animal Management and Use
Committee and Experimental Animal Ethics
Committee of Southern Medical University. C57BL/
6] mouse (female, 6-8 weeks) were housed in specific
pathogen-free conditions and randomly grouped
according to the experimental plan.

2.3. Preparation of nanovaccines

GL261 cells were collected and resuspended in 1%
Protease inhibitor PBS buffer. The cells were crushed
by Ultrasonic crusher (Scientz, China) in ice bath.
Subsequently, the membrane vesicles were obtained
by gradient centrifugation. The pellet was resuspended
with PBS to obtain TMV through a 0.8 um filter
membrane, and then hydrated with PBS buffer con-
taining 200 pg/mL CpG with ice bath conditions to
obtain the nanovaccine (TMV@CpG). The protein
and cpg contents of nanovaccine were quantified by
BCA kit and Nanodrop, respectively.

2.4. Characterization of nanovaccines

GL261 cells, TMV and TMV@cpg were lysed with
Ripa lysis buffer, the loading buffer was added and

the protein was denatured by incubation in a 95°C
water bath for 10 min. The equal amount of the sam-
ple was then loaded onto the 10% SDS-PAGE gel.
After running the gel, stain it with Coomassie blue
buffer and microwave for 1 minute. The dye gel was
decolorized at high temperature in ddH,O and imaged
with gel imaging system (Tanon, China).

The TMV@CpG was placed on the copper mesh
and stained with uranium acetate. After the copper
mesh was dried, the morphology of the nanovaccine
was observed by TEM (JEOL, Japan).

The particle diameter distribution and surface zeta
potential of nanovaccine were tested using Zetasize
Nano ZS (Malvern, United Kingdom).

The nanovaccine was placed in a constant tempera-
ture shaking bed at 37°C at 100 rpm. Samples were
collected at different time points to test the in vitro
release behavior of CpG using Nanodrop.

2.5. Physiological functions of nanovaccines

The cytotoxicity of nanovaccine was evaluated by
MTT assay. DC2.4 cells were plated in 96 well plates
at a volume of 200 uL and a density of 5 x 10*/mL for
24 hours. The cells were treated with different concen-
trations of TMV, 6 parallel wells at each concentra-
tion, and incubated for 24 hours. The medium was
removed and 100 ul PBS and 10 uL MTT were added
to each well. After 4 hours, the supernatant was
removed and 100 ul DMSO was added to each well.
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The plates were placed in a horizontal shaker and
shaken for 10 minutes. The absorbance of the plates
at 570 nm was measured by enzyme-labeled instru-
ment (Biotek, United States).

The absorption of nanovaccine by BMDC and the
ability of lysosome escape were observed by Confocal
laser scanning microscope (CLSM, ZEISS, German).
BMDCs were placed in confocal petri dishes and incu-
bated for 24 hours. Medium was removed, and fresh
RPMI1640 medium (protein, 10 ug/mL) containing
Cy5- labeled nanovaccine was added and incubated
for 4 hours. The medium was removed and the lyso-
somes and nuclei were labeled with FITC and DAPI,
respectively. The ability of particles to be absorbed by
BMDC and lysosome escape was observed by CLSM.

At the same time, BMDCs were plated in 24-well
plates and incubated for 4 hours. 100 uL Cy5 fluores-
cent dye (1 ug/ml) was mixed with 100 pL TMV (pro-
tein, 100 pg/mL) and magnetically stirred at 4°C for
24 hours, and then dialyzed using a 1000 D dialysis
membrane in 1L of PBS buffer for 12 hours. The PBS
buffer was replaced and the Cy5-labeled nanovaccine
was obtained after 12 hours of dialysis. The Cy5-labled
nanovaccines (protein, 10 pg/mL; CpG, 10 pg/mL)
were added to stimulate immature BMDCs. Cells and
cell culture medium were collected. Cells were stained
with fixable live/dead differentiating dye Zombie
Aqua™ Fixable Viability Kit. Subsequently, non-
specific binding was blocked using CD16/32 to incu-
bate with cells for 15 min. BMDCs were stained with
CD11C and CD86. Finally, the unbound dyes were
removed, and the data were analyzed by flow cytome-
try (Attune Nxt, United States), and quantitative ana-
lysis by FlowJo. Meanwhile, based on the literature, we
further analyzed the effect of CpG on the activation of
BMDC:s [35]. The secretion of pro-inflammatory fac-
tors by BMDCs treated with different samples was
examined using Elisa kit instructions for IL6, IL12
and TNF-a.

2.6. Preparation and characterization of
microneedle vaccine

Microneedle vaccine preparation was performed using
the polydimethylsiloxane microneedle mold of a 10 x
10 array with a needle body height of 800 um and
a bottom width of 200 um. The ambient temperature
was always controlled at 4°C during the preparation
process. First, the 15% (w/v) GelMA solution contain-
ing 0.25% (w/v) LAP and TMV (or tmv@cpg) was
deposited on the tip area of the mold and the mold
was placed in a vacuum chamber to remove the bub-
bles. Next, the mold was filled with the 15% (w/v)
GelMA solution containing 0.25% (w/v) LAP and the
excess solution was removed. The mixture was gelati-
nized by 405 nm UV irradiation for 30 seconds. The
microneedle vaccine was obtained by mold release
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after low temperature drying. Microneedles were
stripped from the substrate and placed in 2 mL of
pH = 7.4 PBS buffer, heated to promote solubilization,
and the microneedle-loaded proteins were quantified
using a BCA kit after complete solubilization.

The microneedles were stripped from the substrate
and placed in 2 mL of pH=7.4 PBS buffer, and the
liquid was placed in the 37°C shaker (180 rpm). The
release behavior of the particles was monitored by
taking 100 uL of the liquid at different time points
and assaying the protein content of the liquid using
a BCA kit.

The morphology of the microneedle vaccine was
obtained by digital stereomicroscopy (SMZT4,
Chongqing Aote Optics).

The microneedle vaccine loaded with Cy5-labled
TMV@CpG was inoculated into fresh pig skin. After
1 hour, remove the microneedles and use CLSM to
observe the penetration of the nanoparticles into the
skin.

2.7. Effect of microneedle vaccine on immune
microenvironment in draining lymph nodes

Preparation of microneedle vaccines using Cy5-
labeled nanovaccine. The microneedle vaccine was
inoculated into the dorsal skin of mice. Mice were
sacrificed at different time points. The inguinal
lymph nodes of mice were taken and fluorescence
imaging was performed using a small animal in vivo
imaging instrument to study the aggregation behavior
of particles in the inguinal lymph nodes.

On the other hand, the mice were vaccinated with
microneedles on their backs. After 24 hours, the mice
were sacrificed, and the inguinal lymph nodes were
taken to prepare single cell suspensions. The single cell
suspension was treated with fixable live/dead differ-
entiating dye and CD16/32 antibody. Subsequently,
the single cell suspension was stained with the follow-
ing antibodies: CD45, CD11c, CD86, CD3, CD4 and
CD8. Finally, the unbound dyes were removed, and
the data were analyzed and quantified.

2.8. In vivo tumor models

Subcutaneous tumor model. 4 x 10° GL261 cells were
injected subcutaneously into mice to observe their
growth. Tumor size was calculated as follows: tumor
size = width*width*length *0.5. Vaccination began on
Day 10. Three doses of the vaccine (containing tumor
cell membrane protein 10 ug, CpG 10 pug) were admi-
nistered every 7 days. Body weight and tumor size
were measured every 3 days. On Day 31, mice were
killed, tumors removed and made into single cell sus-
pensions for flow cytometry stained and analyzed.
Intracranial tumor model. 2 x 10° GL261 cells were
implanted into the mouse brain using a stereotactic
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fixation device. On Day 5, tumor formation was deter-
mined using luciferase substrate bioluminescence
imaging and treatment began. Anti-PD1 antibody
was injected into the tail vein every 3 days (200 ug/
dose) for five times. Three doses of microneedle vac-
cine are given every 7 days. The survival rate of mice
was detected continuously. On Day 26, the mice were
sacrificed and the tumor was prepared with single cell
suspension for flow cytometry. The heart, liver, spleen,
lung and kidney were obtained for H&E staining.

2.9. Analysis of immune microenvironment

For the spleen, the first use of red blood cell lysate to
remove red blood cells, single cell suspension obtained
by screening mesh. The single cell suspension was pre-
pared by direct grinding and screening. Then, the sus-
pension was treated with fixable live/dead
differentiating dye Zombie Aqua™ Fixable Viability Kit
and CD16/32. Subsequently, the cells were stained with
the following antibodies: CD45, CD3, CD4, CDS,
CD69, CD44, CD62L, CD11b and Gr-1. For further
intracellular staining, the cells were fixed and permea-
bilized using fixative buffer and Permeabilization Wash
Buffer, and then stained with IFN-y and Ki67. Finally,
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the unbound dyes were removed, and the data were
analyzed and quantified.

2.10. Statistics

The statistical significance of difference between experi-
mental groups was analyzed with One way or two-way
ANOVA determined by Tukey post-hoc tests using
GraphPad Prism 9. *p < 0.05, **p < 0.01 or ***p <0.001.
All the values were reported as mean + SEM.

3. Results and discussion

3.1. Fabrication and characterization of
bio-derived nanovaccine

The preparation of the bio-derived nanovaccine was
divided into two main steps: (I) TMV of tumor cells
was obtained by gradient centrifugation and mem-
brane extrusion, and (II) the CpG ODN was loaded
into TMV by sonication (Figure 1(a)). The obtained
TMV@CpG nanovaccine utilized the cell membrane
protein of GL261 as antigen and the TLR9 agonist
CpG as adjuvant. To verify the successful preparation
of the vaccine, the changes in membrane proteins
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Figure 1. Fabrications and characterization of nanovaccine. (a) Schematic of TMV nanovaccine loaded with CpG adjuvant
(TMV@CpG). (b) SDS-page image of GL261, TMV and TMV@CpG. (c) The encapsulation efficiency of CpG prepared by
a sonication duration of 1, 3, 5 and 7 minutes (n =5). The particle size distribution (d) and Zeta potential analyses (e) of TMV
and TMV@CpG prepared by a sonication duration of 5 minutes (n = 3). (f) TEM image of TMV@CpG. (g) CpG release behavior of

TMV@CpG in PBS buffer solution (n = 3).
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before and after preparation were analyzed by
Coomassie blue staining, which showed that the pre-
paration process did not result in the loss of mem-
brane proteins and that the nanovaccine inherited all
the proteins of TMV (Figure 1(b)). Subsequently, the
fabrication method of the vaccine particles was opti-
mized by detecting the encapsulation rate of CpG in
the particles with different sonication durations
(Figure 1(c)). The results showed that the encapsula-
tion rate of CpG in TMV was only 35.6% when the
sonication duration was 1 min. With the increase of
sonication duration, the encapsulation rate gradually
increased. When the ultrasound duration was 5 min,
the encapsulation rate reached 97.2%, and compared
with the preparation method of longer duration, the
encapsulation rate of CpG by the particles did not
increase significantly. Therefore, we choose the soni-
cation duration of 5min to prepare the subsequent
TMV@CpG nanovaccines. The particle size distribu-
tions of TMV and TMV@CpG are shown in Figure 1(d),
with average particle sizes of 106 nm and 101 nm,
respectively, both of which were narrower, and the
addition of CpG did not cause a significant change in
particle size. In contrast to the particle size, the addi-
tion of electronegative CpG caused a decrease in the
surface zeta potential of TMV@CpG, which was
-18.3 mV (Figure 1(e)). TEM images showed that
TMV@CpG was a globular particle with a double-
layer membrane structure (Figure 1(f)). The results of
CpG release behavior in vitro showed that CpG in
TMV@CpG was able to release 52.8% within 8 hours
and slowly over the subsequent time, reaching a CpG
release rate of more than 80% at 48 hours (Figure 1(g)).
Together, these results suggested the successful prepara-
tion of a bio-derived nanovaccine that could provide
the basis for effective immune system activation due to
its tumor-specific and relevant antigenic proteins and
size effect.

3.2. Bio-derived nanovaccine promoted
internalization and activation of DCs

It was investigated the effect of activation of innate
immunity by bio-derived nanovaccines in vitro. The
results of MTT experiments exhibited good biosafety
of the TMV material, with the survival rate of DC2.4
cells still exceeding 80% at a concentration of 180 pg/
mL, and less than 60% at a concentration of up to
320 pg/mL (Figure 2(a)). Subsequently, the uptake of
nanoparticles by innate immune cells BMDCs was
investigated. Compared with the PBS group (0.2%),
the percentage of BMDCs treated with TMV (58.3%)
or TMV@CpG (67.1%) that ingested particles was
significantly higher (Figure 2(b)). We further used
CLSM to observe the uptake of vaccine particles by
BMDCs and the lysosomal escape of particles. Like the
flow cytometry results, the nanovaccines could be
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uptaken by BMDCs, where TMV@CpG was able to
achieve a higher degree of lysosomal escape level
intracellularly, which induced a stronger immune
response (Figure 2(c)). Meanwhile, we investigated
the expression level of CD86, an activation marker
for BMDCs, induced by the nanoparticles. Compared
with the PBS group (13.2%), the TMV and
TMV@CpG groups induced stronger CD86 expres-
sion levels of 34.2% and 49.3%, respectively
(Figure 2(d)). In addition, the nanovaccines induced
BMDC:s to secrete more TNF-q, IL-6, and IL-12 pro-
inflammatory factors (Figure 2(e)). The introduction
of CpG led to a significant enhancement in the level
of pro-inflammatory factors secreted by TMV@CpG-
treated BMDCs, favoring the activation of down-
stream helper T cells, CD8" T cells and NK cells to
generate a cellular immune response. The above
results indicated that the bio-derived nanovaccine
could significantly enhance the uptake of particles
by BMDC:s as well as induce stronger activation levels
of BMDCs, which facilitates antigen presentation and
has the potential to induce a stronger cellular
immune response.

3.3. Activation of DCs and T cells by TMV@CpG in
microneedle patch

Following the determination that the biogenic nano-
vaccine was able to awaken a stronger innate immune
response in the body, we loaded the nanoparticles
onto GelMA microneedles. The microneedle vaccine
was prepared by mixing the nanovaccine with GelMA,
forming a hydrogel using a UV light source with the
participation of a LAP cross-linking agent, and obtain-
ing the microneedle vaccine by low temperature dry-
ing and stripping (Figure 3(a)). The three-dimensional
network structure of the GelMA gel promotes the slow
release of vaccine particles and the formation of anti-
gen depot at the vaccination site, resulting in
a sustained stimulatory effect on the organism. The
BCA results showed that the membrane protein con-
tent of the four batches of microneedle vaccines did
not show significant fluctuation, and the protein con-
tent was about 10 pg in both MN-TMV and MN-TMV
@CpG (Figure 3(b)). Meanwhile, the results showed
that the microneedles released vaccine particles
rapidly within 1 h and more than 90% of the vaccine
particles were released at 4h (Figure 3(c)). Then, we
studied the penetration of microneedles into the skin.
Microneedle vaccines with Cy5-labeled nanoparticles
were administered to the skin, and the residence of the
particles in the skin was observed. The results dis-
played that the microneedles had sufficient mechan-
ical strength to penetrate the skin and could deliver the
particles to an intradermal depth of more than 140 um
(Figure 3(d)). This demonstrated that the microneedle
vaccine was able to deliver the particles into the skin
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Figure 2. Bio-derived nanovaccines enhance the uptake of antigens by BMDCs and promote the maturation of BMDCs. (a) Evaluation
of the toxicity levels of TMV to DC2.4 (n = 6). (b) Cellular uptake histograms of Cy5-labeled nanovaccine measured by flow cytometry
(n=3). (c) Representative CLSM images showed BMDCs incubated with TMV and TMV@CpG for 4 h, respectively. (d) Representative
dot plots and quantitative analysis of the activation marker CD86 of BMDCs after incubated with TMV and TMV@CpG for 24 h (n = 5).
(e) Secretion of cytokine tnf-a, IL-6 and IL-12 in the supernatant of cultured BMDCs measured by Elisa (n =5).

and fully utilize the skin-resident DCs, macrophages
and other innate immune cells to complete the deliv-
ery of antigens, thereby inducing a stronger immune
response. Further, the stability of microneedle vaccine
preparation was investigated by detecting the mem-
brane protein content of microneedle prepared in
different batches after reconstitution.

The enrichment of particles in lymph nodes was
further explored and the results showed that MN-
TMV and MN-TMV@CpG were able to enrich the
lymph nodes within 4 hours of vaccination, and the

highest level of particle enrichment was observed at
24 hours, followed by gradual attenuation (Figure 3(e)).
This provides a solid basis for vaccine particles to
induce DC activation in draining lymph nodes to
promote cellular immune responses. The in vivo data
showed that CD11c"CD86" was significantly elevated
in the draining lymph nodes of the MN-TMV group
(39.4%) and the MN-TMV@CpG group (53.8%), using
the blank microneedle group (MN, 18.4%) as a control
(Figure 3(f)). Meanwhile, it was detected the changes
of T cells infiltration in the draining lymph nodes.
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Figure 3. Microneedle vaccine induced strong antigen-presenting cells response and CD8" T cells aggregation in drainage lymph
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mesh structure encapsulating the nano-vaccine particles was formed by cross-linking through UV irradiation, so that the vaccine
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The proportions of CD8" T cells were 26.7%, 34.5%,
and 41.7% in the MN, MN-TMV, and MN-TMV
@CpG groups, respectively (Figure 3(g)). Together,
these results demonstrated that microneedle vaccines,
especially MN-TMV@CpG, could promote the uptake
of antigen by DCs in the draining lymph nodes and
significantly enhance the activation level of DCs.
Concomitantly, activated DCs elicited a higher propor-
tion of T-cell infiltration in the draining lymph nodes,
leading to a stronger cellular immune response.

3.4. MNTMV@CpG reverse immunosuppression of
the tumor microenvironment to inhibit tumor
progression

First, the glioma model was established subcuta-
neously in mice using GL261 to study the anti-tumor
effect of the microneedle vaccine (Figure 4(a)). The
results showed that at Day 31, the average tumor sizes
of mice in the MN, MN-TMV, and MN-TMV@CpG
groups were 1487.6 mm>, 963.7 mm® and 479.4 mm”,
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Figure 4. Microneedle vaccine improved the anti-tumor effect in subcutaneous tumor model. (a) The protocol of vaccination with
MN, MN-TMV and MN-TMV@CpG in C57BL/6) mice with GL261 tumor model. On day 10, the first dose of vaccine was
administered, followed by vaccination on day 17 and 24. Flow cytometry analysis of tumors was performed on day 31. Tumor
volume monitoring ended on day 31. (b) Tumor growth kinetics in different treatment groups (n=7). (c) Survival curves in
different treatment groups (n = 7). (d) Representative dot plots and quantitative analysis of CD8" T cells in tumor excised from
mice in different treatment groups, analyzed by flow cytometry (n = 5). Quantification of CD8*CD69* T cells (e), CD8*IFN-y* T cells
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respectively (Figure 4(b)). This indicated that the
microneedle vaccine was able to significantly inhibit
tumor growth, with the most pronounced slowing of
the degree of tumor growth in the MN-TMV@CpG
group. On the other hand, the survival of mice vacci-
nated with microneedle vaccine was significantly pro-
longed (Figure 4(c)). Compared with the MN group
(32 days), the median survival of mice in the MN-
TMYV group and the MN-TMV@CpG group were 40
days and 51 days, respectively. The median survival of
mice in the MN-TMV@CpG group was 1.25 and 1.59
times that of the MN and MN-TMV groups, respec-
tively. These results indicated that the microneedle
vaccine MN-TMV@CpG was able to significantly alle-
viate tumor progression and prolong the survival of
tumor-bearing mice.

To investigate the antitumor mechanism, it was
analyzed the changes in the tumor microenvironment
using flow cytometry. Figure 4(d) showed that the
proportions of CD8" T cells in the tumor microenvir-
onment in MN, MN-TMV, and MN-TMV@CpG
groups as 5.1%, 12.4% and 21.6%, respectively. The
level of CD8" T cell infiltration in the tumors of the
MN-TMV@CpG group was significantly increased.
Furthermore, it was analyzed the changes of CD8"
T cell subpopulation proportions. The proportion of
activated CD8" T cells (CD3"CD87CD69") at the
tumor site of mice vaccinated with microneedle vac-
cine was significantly up-regulated were 7.8%, 16.3%
and 21.2% for MN, MN-TMV and MN-TMV@CpG
groups, respectively (Figure 4(e)). Likewise, we
observed that the levels of CD8" T cells secreting the
pro-inflammatory cytokine IFN-y in the MN, MN-
TMV and MN-TMV@CpG groups were 0.6%, 2.4%
and 5.5%, respectively (Figure 4(f)). This indicated
that the microneedle vaccine not only promoted the
aggregation of CD8" T cells at the tumor site, but also
greatly increased the activation and tumor cell killing
levels of the aggregated CD8" T cells, resulting in
a better antitumor effect. In addition, the proliferation
level of CD8" T cells (CD3"CD8'Ki67") in the tumors
of mice vaccinated with microneedle vaccine was also
significantly enhanced (Figure 4(g)). This facilitated
the continuous activation of CD8" T cells to kill tumor
cells for the purpose of inhibiting tumor growth. It was
further analyzed the changes of CD4+ T cell subsets.
The results showed that the proportions of
CD4'CD69" T cells, CD4'IFN" T cells and
CD4'IFN'Ki67" T cells appeared to be upregulated
to different degrees (Figure 4(h-)j). This indicated that
CD4" T cells tend to differentiate towards Thl-type
cells, thereby inducing a stronger cellular immune
response. On the other hand, the changes of myeloid-
derived suppressor cells (MDSC) infiltration in the
tumor were analyzed. The results showed that the
proportion of MDSC was significantly down-
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regulated in the MN-TMV group (47.9%) and the
MN-TMV@CpG group (39.4%) compared with the
MN group (60.9%) (Figure 4(k)). These results indi-
cated that the excellent antitumor effects of micronee-
dle vaccines were mainly achieved via stimulating the
activation and proliferation of CD8" T cells in the
tumor microenvironment, reducing MDSC infiltra-
tion, and thus reversing the immunosuppressed
tumor microenvironment.

3.5. MN-TMV@CpG efficiently inhibited
progression of intracranial tumors

The presence of a blood-brain barrier and a brain
microenvironment composed mainly of microglia,
astrocytes, oligodendrocytes, and neurons makes it dif-
ficult for peripheral immune cells to infiltrate intracra-
nial gliomas to play a role in inhibiting tumor growth.
The results of the mouse glioma subcutaneous model
experiments showed that the microneedle vaccine
demonstrated a good inhibitory effect, and we further
explored the inhibition of intracranial gliomas by the
vaccine, while introducing the anti-PD1 monoclonal
antibody for the combination treatment. After confirm-
ing the successful construction of the intracranial
glioma model, mice were randomly divided into four
groups, and the treatment protocols are shown in
Figure 5(a). The results showed that the median survival
of the MN group, MN-TMV group, MN-TMV@CpG
group, Anti-PDI1 group and MN-TMV@CpG+anti-
PD1 group were 24 days, 33 days, 39 days, 30 days and
45 days, respectively (Figure 5(b)). Compared with the
MN group, the median survival of mice in the MN-
TMV@CpG group vaccinated alone was prolonged by
15 days, and that of mice in the MN-TMV@CpG+Anti-
PD1 group in the combined treatment group was pro-
longed by 21 days. This indicated that the microneedle
vaccine could not only inhibit subcutaneous tumor
progression, but also inhibit intracranial tumor growth.
Meanwhile the addition of anti-PD1 mAb could further
eliminate the inhibitory effect of immunosuppressive
cells on T cells in the tumor, so the survival of mice in
the MN-TMV@CpG+Anti-PD1 group of the combined
treatment group was significantly prolonged. The body
weight of mice in the MN-TMV@CpG group and the
MN-TMV@CpG+Anti-PD1 group did not bleed sig-
nificantly during treatment (Figure 5(c)).

The infiltration levels of immune memory cells
in the spleens of the various groups of tumor-
bearing mice were analyzed, and we found that
the proportion of central memory T cells (Tcm)
was significantly elevated in both the vaccine treat-
ment alone and the combination treatment groups
(Figure 5(d,e)). In particular, Tcm of MN-TMV
@CpG+Anti-PD1 were significantly upregulated in
the combination treatment group compared to the
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different formulations (x200).

MN-TMV@CpG group, which was attributed to its
suppression of PDI1 expression, resulting in stron-
ger levels of cellular immunity. Finally, we evalu-
ated the safety of the microneedle vaccine. HE
staining results for major organs of mice in each
group showed that the microneedle vaccine did not
form significant damage to the organs of mice
(Figure 5(f)). Therefore, we concluded that the
biogenic microneedle vaccine not only showed
good tumor suppression effect, but also was
a relatively safe treatment.

4. Conculsion

Due to the limitations of drugs and immune pathways
in the central nervous system, the treatment of gliomas
faces great challenges. We have developed a bio-
derived tumor vaccine for the treatment of gliomas.
Vaccination is carried out through a microneedle
delivery method with advantages such as non-
invasiveness and convenience. On the one hand,
nanovaccines loaded with GelMA hydrogel micronee-
dles can form an antigen reservoir in the skin and play
a continuous stimulating role on the body; on the
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other hand, microneedles can deliver nanovaccines to
the skin and induce a strong cellular immune response
using skin-resident antigen-presenting cells.

The results showed that TMV@CpG inherited all the
antigenic proteins of tumor cells and could significantly
enhance the activation level of BMDCs in vitro
(Figures 1(b) and 2(d)). At the same time, the prepared
microneedle vaccine had good batch reproducibility
and could deliver the vaccine to 140 pm intradermally
(Figure 3(b)). In the subcutaneous tumor model, MN-
TMV@CpG increased the proportion of cytotoxic
T cells in TME, reduced the infiltration of MDSCs,
reversed the tumor immunosuppressive microenviron-
ment, and inhibited tumor growth (Figure 4). At the
same time, the survival time of mice treated with
MN-TMV@CpG and anti-PD1 mAb was signifi-
cantly enhanced, and strong immune memory was
formed, which was conducive to inhibiting the
recurrence of glioma (Figure 5).

In addition, the complexity of the nervous system
makes it impossible to discern whether the combina-
tion of MN-TMV@CpG and anti-PD1 mAb will have
adverse effects on the body. With further optimiza-
tion, we believe that this microneedle-administered
biogenic vaccine will provide a new way of thinking
for immunotherapy of gliomas.
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