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Glioma is a common primary malignant brain tumor with low survival rate. Immunotherapy with immune
checkpoints inhibitors (ICI) can be a choice for glioma management, and extracellular vesicles (EVs) are
recognized as a potential drug delivery system for various disease management due to their enhanced barrier
permeation ability and immunomodulatory effect. The aim of this study is to develop ICI-loaded EVs (ICI/EV)
that have sufficient efficacy in managing glioma. Calcium phosphate particles (CaP) were used to stimulate the
secretion of EVs from murine macrophage cells. CaP conditioning of cells showed an enhanced amount of EVs
secretion and macrophage polarization toward a proinflammatory phenotype. The CaP-induced EVs were shown
to polarize macrophages into proinflammatory phenotype in vitro, as correlated with the conditioning method.
ICI/EVs were successfully prepared with high loading efficiency using the sonication method. The EVs can be
distributed throughout the entire brain upon intranasal administration and facilitate ICIs distribution into glioma
lesion. Combinatory treatment with ICI/EVs showed benefit in glioma-bearing mice by reducing their tumor
volume and prolonging their survival. Cytotoxic T cell infiltration, polarization of tumor-associated macrophage,
and lower tumor proliferation were observed in ICI/EVs-treated mice. The developed ICI/EVs showed promise in

immunotherapeutic management of glioma.

1. Introduction

Glioma is an aggressive primary malignant brain tumor character-
ized by the rapid growth of tumor cells and aggressive infiltration into
other parts of the brain [1]. Glioblastoma is the most common glioma in
adults, with a median survival time of less than 15 months and a 5-year
survival rate lower than 3 % [2,3]. With the high recurrent rate of gli-
oma, few drugs are available to achieve optimal therapeutic effects, and
temozolomide is the only USFDA-approved drug for managing newly
diagnosed glioblastoma. A new therapeutic strategy for managing gli-
oma is of urgent need [2,4-6], and immunotherapy with immune
checkpoint inhibitors (ICI) is a potential option.

USFDA-approved ICIs are monoclonal antibodies targeting CTLA-4,
PD-1, or PD-L1 for managing melanoma and several solid tumors [4,7,
8]. Preclinical studies of ICIs in glioma management have found benefits
in prolonging survival in glioma-bearing mice [9,10], but current clin-
ical trials have shown disappointing therapeutic outcomes of ICIs in
glioma management [11-13]. With the unique barrier known as the
blood-brain barrier (BBB) existing in the brain, the inefficient delivery of
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ICIs into the brain may be one reason for the treatment failure. A de-
livery system is necessary to overcome this obstacle for the efficient
delivery of ICIs into the brain.

Extracellular vesicles (EVs) are cell-originated membrane vesicles
that exist in various body fluids and culture media. They are composed
of lipid bilayer, nucleic acids, and proteins derived from their parent
cells. The EVs subtypes, including exosomes and microvesicles, are
commonly investigated for therapeutic and drug delivery applications.
They are recognized as safe drug delivery systems due to their cell-
originated properties, which may reduce immunogenicity and long-
term safety concerns. Their small size and lipophilic characteristic
facilitate their trafficking through extracellular matrix and physical
barriers, providing more efficient drug delivery to the target. EVs also
possess characteristics similar to their parent cells; therefore, they can
exert some disease management effect [14-17]. EVs derived from
macrophages exhibit pro- or anti-inflammatory abilities, which are
determined by the conditions of macrophages upon EVs secretion, and
therefore they can facilitate tissue repair [18,19] or cancer management
[20-22]. However, the low recovery of EVs is one of the limitations that
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hinder their application in both disease management and drug delivery.
It is known that the generation of EVs correlates with the intracellular
calcium content [23-25]. Therefore, enhancing the intracellular calcium
level is a strategy to facilitate EVs secretion.

Calcium phosphate particles (CaP) are biomaterials commonly used
as bone substitutes and drug or gene delivery systems [26]. They are
biocompatible due to their similar composition to bone, and their
biodegradability is based on different calcium-to-phosphate ratios [27].
Previous studies have indicated that CaP can stimulate EVs secretion
from vascular smooth muscle cells [28,29], RAW264.7 and THP-1 cells
[30], therefore CaP supplementation can be an optimal method to
facilitate EVs secretion from cells.

Successful cases have been achieved with ICIs treatment in managing
several cancers, but not in gliomas. Studies have found that EVs have
potential in brain delivery of large molecular weight therapeutic agents
in the management of brain inflammatory diseases and glioblastoma
[31-33]. The application of EVs for ICIs delivery is therefore appropriate
for accumulating ICIs in the brain to exert optimal therapeutic effect.
The EVs also showed benefits in modulating the tumor microenviron-
ment. For instance, EVs derived from M1 macrophages showed TAM
repolarization ability that potentiates immunotherapeutic efficacy [20,
34]. CaP is applicated as an EVs secretion stimulant in this study, and it
has potential in influencing macrophage polarization. The purpose of
this study is to prepare macrophage-derived EVs with CaP supplemen-
tation to obtain high amounts of EVs for the preparation of ICI-loaded
EVs (ICI/EVs). The ICI/EVs are delivered into the brain for efficient
glioma management. The effect of CaP on macrophage polarization was
assessed along with the EVs’ ability to induce TAM polarization. The
ICI/EVs preparation method was established and optimized to achieve a
high ICIs loading efficiency. An optimal delivery strategy was estab-
lished for efficiently accumulating ICI/EVs in glioma lesions, and the
therapeutic effect was evaluated in glioma-bearing animal models
(Fig. 1).

2. Experimental methods
2.1. Materials

The polymer-precipitation reagent ExoQuick-TC and the acetylcho-
linesterase (AChE) assay EXOCET kit were purchased from System
Biosciences (Palo Alto, CA, USA). Anti-mouse PD-L1 (catalog number
BE0101, clone 10F.9G2) and anti-mouse CTLA-4 (catalog number
BE0164, clone 9D9) were purchased from Bio X Cell (Lebanon, NH,
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USA). The FITC-preadsorbed rat monoclonal anti-mouse IgGl
(ab133859), mouse iNOS ELISA kit, and antibodies for immunoblotting,
immunocytochemistry (ICC), and immunohistochemistry (IHC), were
purchased from Abcam (Cambridge, UK). The rat and mouse IgG ELISA
kits were obtained from Elabscience (Houston, TX, USA). Streptavidin
peroxidase was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Mouse TNF-a, IL-1p, and IL-6 ELISA kits were purchased from BioLegend
(San Diego, CA, USA). The recombinant mouse PD-L1/B7-H1 chimera
protein (catalog number 1019-B7-100) and mouse IL-18 ELISA kit were
purchased from R&D Systems (Minneapolis, MN, USA). Biotin-
conjugated goat anti-rat IgG (H + L), mouse TGF-p ELISA kit, and an-
tibodies for flow cytometry analysis were purchased from Thermo
Fischer Scientific (Waltham, MA, USA). 3,3',5,5-tetramethylbenzidine
(TMB) was purchased from Millipore (Burlington, MA, USA). D-lucif-
erin, potassium salt was purchased from Gold Biotechnology (St. Louis,
MO, USA). The RAW264.7 murine macrophage cell line was purchased
from the Bioresource Collection and Research Center (BCRC, Hsinchu,
Taiwan). The ALTS1cl murine astrocytoma cell line was kindly pro-
vided by Professor Chi-Shiun Chiang in National Tsing-Hua University,
Hsinchu, Taiwan. The GL261-luc murine glioblastoma cell line was
purchased from Creative Biolabs (Shirley, NY, USA).

2.2. Preparation and characterization of CaP

The preparation of CaP followed the method previously published
with slight modification [30]. CaCly solution (11 mM, pH 9) was added
to NayHPO4 solution (66 mM, pH 11 adjusted with NaOH) at a rate of
1.0 ml/min. The pH value was adjusted during this process to reach pH
11 in the final mixture. The mixture was then centrifuged at 1500 x g for
30 min, and the precipitated CaP was washed once with 0.1 mM NaOH,
followed by three washes with acetone, and finally washed with
deionized water. The suspension was lyophilized to obtain CaP powder.
This powder was mixed with 1 part of 1 mm stainless steel beads and 2
parts of deionized water in a volume ratio, and then milled using a tissue
blender (Bullet Blender, Next Advance, USA) for 5 min. The recovery of
CaP was estimated by comparing the weight before and after blending,
and the resulting CaP suspension was autoclaved prior to use.

Particle characteristics, including size and zeta potential, were
evaluated using dynamic light scattering (DLS, NanoPlus zeta/nano
particle analyzer, Particulate Systems, USA). The morphology was
examined under scanning electron microscope (SEM, HITACHI SEM
SU8010, Hitachi, Germany). The solubility of CaP in pH 5 disodium
citrate buffer was estimated by dissolving CaP in the buffer with
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Fig. 1. Schematic illustration of EVs preparation in this study, which includes CaP supplementation and loading of ICIs onto the EVs for efficient intranasal delivery
to glioma to exert an immunotherapeutic effect. The figure was created from Biorender.com.
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vigorous shaking at room temperature until no particles were visible to
the naked eye. FTIR (Nicolet 6700, Thermo Scientific, USA) and XRD
(Ultima IV-9407F701, Rigaku, Japn) were applied for characterization.

2.3. Optimization of EVs preparation method

The RAW264.7 cells were seeded at a confluency density of 8.8 x
108 cells in 10 cm petri dish and allowed to grow for 24 h prior to
conditioning. After conditioning, the conditioned medium was pipetted
out and centrifuged (2000 x g, 4 °C, 30 min) to remove cell debris. This
conditioned medium was then mixed with a polymer-precipitation re-
agent according to the manufacturer’s instructions and incubated at 4 °C
overnight. The mixture was subsequently centrifuged (10,000 x g, 4 °C,
60 min) to pellet the EVs, which were then resuspended in phosphate-
buffered saline (PBS). The effects of CaP conditioning time, medium
composition, and CaP concentration were evaluated to achieve a high
EVs yield. EVs quantities were assessed using AChE assay.

2.4. Characterization of extracellular vesicles

Characterization of EVs followed the published MISEV guideline
[35]. The particle size of EVs was characterized with nanoparticle
tracking analysis (NTA, NanoSight LM10HS, Malvern Panalytical, UK).
Morphology was observed with transmission electron microscope (TEM,
JEM-2100F electron microscope, JEOL, Japan). Samples were nega-
tively stained with 2 % uranyl acetated prior to TEM observation.
Colocalization of IgG with EVs was determined using CLSM (Fluoview
FV3000, Olympus, Japan). The FITC-conjugated rat IgG was sonicated
with EVs and stained with PKH26 following the manufacturer’s in-
structions to obtain IgG/EV. One drop of IgG/EV was added on to a glass
slide and covered with a cover slip prior to examination.

Immunoblotting of EVs in comparison with RAW264.7 cell lysate
was conducted to examine the protein constituent. EVs and RAW264.7
were lysed in RIPA lysis buffer and centrifuged to obtain the superna-
tant. Protein content was estimated with Bradford reagent, and 5 pg of
total protein was loaded onto a polyacrylamide gel for electrophoresis
separation. The protein was transferred onto 0.2 pm PVDF membrane
and blocked with 5 % skim milk in PBST, followed by incubating with
primary antibodies, including ALIX (ab186429, 1:1000), LAMP1
(ab208943, 1:1000), CD63 (ab217345, 1:1000), and p-actin
(GTX109369, 1:1000) overnight at 4 °C. Goat anti-rabbit IgG H&L
(ab205718,1:10,000) was used for blotting for 1 h at room temperature
and developed with ECL for imaging (FluorChem R, ProteinSimple, CA,
USA).

2.5. ICIs loading method and aPD-L1 binding affinity evaluation

Methods for optimizing the loading of ICIs are described in the
Supporting Information. The established method for preparing ICI/EVs
involved mixing 4 pg of aPD-L1 or aCTLA-4 with 0.7 ml of conditioned
medium, respectively, and subjecting them to sonication on ice using a
probe-type sonicator (MISONIX sonicator 3000, Misonix, USA). The
condition was set at 3W output voltage for 3 cycles of 2 s pulse and 2 s
pause. The samples were then left on ice for over 30 min prior to being
mixed with polymer-precipitation reagent for ICI/EVs isolation
following the manufacturer’s instructions. The resulting pellets were
resuspended in PBS, and the amounts of EVs were quantified using AChE
assay and Bradford reagent. To determine the loading efficiency (LE) of
ICIs in EVs, the ICI/EVs were lysed with RIPA lysis buffer, and the ICIs in
the lysates were quantified using their respective ELISA that detect the
IgGs of their host species. The LE of ICIs in EVs were calculated using the
following formula:

ICI amount in lysate

——————— X 100%
Spiked ICI amount X ’

Loading efficiency (LE%) =

The binding affinity of aPD-L1 was analyzed using a published ELISA
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method with slight modifications [36]. A volume of 100 pl of 2 pg/ml
recombinant mouse PD-L1 chimera protein, dissolved in PBS, was
coated onto a 96-well plate overnight at 4 °C. The wells were blocked for
1 h with PBST containing 0.1 % bovine serum albumin (BSA) at 37 °C
with continuous shaking at 30 rpm, followed by incubation with either
aPD-L1/EV samples or aPD-L1 standards in PBS for 2 h. Secondary
biotin-conjugated goat anti-rat IgG (1:100,000) and
streptavidin-peroxidase (1:50,000) were incubated for 1 h each. The
wells were washed two to three times with PBST (PBS containing 0.05 %
Tween20) prior to the next incubation step and were washed five times
after the streptavidin-peroxidase incubation. The wells were brought to
color with TMB, and the reaction was stopped with 2N sulfuric acid. The
plates were then read using an ELISA reader (SpectraMax ID5, Molecular
Devices, USA) to obtain the optical density at 450 nm.

2.6. Macrophage polarization test

For RAW264.7 cell polarization upon CaP or EV treatment, the cells
were seeded at confluency density in 10 cm petri dishes or at a density of
1.2 x 10° cells in 6-well plates for 24 h. The cells were washed thrice
with PBS prior to changing the medium. The medium contained 100 pg/
ml of CaP or one hundred million EVs, while medium without CaP or EVs
was used as the control. After 24 h of conditioning, the medium was
pipetted out, centrifuged to remove cell debris, and refrigerated at
—20 °C prior to analysis. The remaining cells were lysed with RIPA lysis
buffer and analyzed with Bradford reagent. Cytokine concentrations in
the medium and iNOS amount in cell lysates were evaluated using TNF-
o, IL-1pB, IL-6, IL-18, TGF-B, and iNOS ELISA kits following the manu-
facturer’s instructions.

For ICC evaluation of iNOS expression, the cells were seeded in 35
mm p-dishes (ibidi GmbH, Landkreis Miinchen, Germany), followed by
the same experimental procedures described in the paragraph above. At
designated time points, the medium was discarded, and the cells were
washed once with PBS and fixed with 4 % paraformaldehyde for 30 min.
After appropriate washing with PBS containing 0.3 % Triton X, the cells
were blocked with 3 % BSA in PBS for 1 h iNOS primary antibody
(ab3523, 1:100) was added and incubated overnight at 4 °C, followed by
incubation with the secondary goat anti-rabbit antibody conjugated
with Alexa 647 (ab150079, 1:1000) in the dark for 1 h in room tem-
perature. The nuclei were stained with DAPI for 5 min and examined
under fluorescent microscope (Automated fluorescence microscope
BX61, Olympus Co., Japan). The cells were washed with PBST after each
incubation steps.

2.7. ICI/EV permeation efficiency assessment

A trans-well system was established to evaluate the permeation
enhancement effect of EVs. C2BBel cells were seeded at a density of 6 x
10* cells in cell culture inserts (Corning Inc., Corning, NY, USA) with a
pore size of 0.4 um and a permeation area of 0.9 cm?. The culture inserts
were placed in a 12-well culture plate, and the apical (A) and basolateral
(B) sides were filled with 1 and 1.5 ml of culture medium, respectively.
The medium on both sides was changed every other day, and trans-
epithelial electric resistance (TEER) was measured for 20 days. The
TEER was calculated with the following formula, in which Re¢ey indi-
cated the electric resistance measured in the inserts with cells cultured
and Rpjank indicated blank inserts without cells:

TEER (Q x em?) = (Reen-Rolank) X permeation area

The culture inserts were washed thrice with PBS prior to performing
the permeation experiment. The B sides were filled with 2 ml of PBS, and
the A sides were filled with 1 ml of 4 pg/ml free aPD-L1 or aPD-L1/EV in
PBS. Samples were collected at 0, 1, 2, and 3 h by withdrawing 150 pl of
solution from the B sides and replacing them with an equivalent volume
of PBS. The aPD-L1 concentrations were evaluated with a rat IgG ELISA,
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and the cumulative permeated amounts were calculated.
2.8. Establishment of orthotopic brain tumor model

Male C57/BL-6 mice were purchased from the National Laboratory
Animal Center. Mice aged 6-9 weeks were applied for the experiments
under protocols approved by the Institutional Animal Care and Use
Committee (IACUC) of National Cheng Kung University (approval
number: 111,084). They were housed in an environment with 40 %
humidity, temperature of 22 + 2 °C, a 12-h light-dark cycle, and free
access to food and water. Mice were anesthetized with a mixture of
Zoletile and Rompun prior to applying hair remover to the forehead. An
incision was made with a scalpel blade, and a hole was drilled into the
right side of the skull, 2 mm away from the midline and 1.5 mm pos-
terior to the bregma. The needle was inserted into the brain to a depth of
2 mm, and 10° GL261 or ALTS1c1 cells were pumped into the brain at a
flow rate of 1 pl/min. The syringe was slowly removed, and the hole was
sealed with bone wax prior to closing the wound with sutures.

2.9. In vivo ICI/EVs distribution in brain and tumor

The permeation enhancement effect of ICI/EVs was evaluated in vivo
in both healthy and GL261-bearing mice. The mice were anesthetized
with a mixture of Zoletile and Rompun prior to intranasal (IN) or retro-
orbital (RO) administration of 10 pg FITC-conjugated IgG/EV to healthy
mice and 60 pg of aPD-L1/EV to GL261-bearing mice, in comparison
with free IgG or aPD-L1. Mice administered with PBS were used as
controls. In RO injection, the drug was drawn into an insulin syringe and
injected into the base of the eye while under anesthesia. In IN admin-
istration, 2 pl of liquid was administered into one nostril of the mice and
left for 1 min prior to administering to the other nostril. This cycle was
repeated until full dose was administered. To examine the distribution of
IgG and aPD-L1, mice were sacrificed post drug administration. Whole
brains were taken and cryo-sectioned into slices of 10 or 5 pm. For the
examination of IgG distribution in healthy brains, slices were directly
imaged to detect green fluorescence signals within the brain (FluorChem
R, ProteinSimple, CA, USA). The fluorescence intensities of IgG were
analyzed with Image J, and the cumulative intensity results were ob-
tained by summing up the results of four consecutive slices from one
mouse, representing the amount of IgG in one mouse brain. To examine
the aPD-L1 distribution in GL261-bearing brains, the slices were stained
with Alexa 488-conjugated goat-anti rat IgG (ab150165, 1:1000) to
capture aPD-L1 and nuclei were stained with DAPI. The distribution of
aPD-L1 within the brain was examined under CLSM (Fluoview FV3000,
Olympus, Japan).

2.10. Therapeutic effect evaluation

Mice were initially implanted with orthotopic GL261 or ALTS1cl
tumors, and dosing began 3 days post tumor establishment, which was
designated as day O of the experiment. The mice were randomly divided
into five groups and treated with aPD-L1, aPD-L1/EV, aPD-L1 + aCTLA-
4, or aPD-L1/EV + aCTLA-4/EV. Mice treated with PBS or receiving no
treatment (designated as the control group) served as negative controls.
The ICIs were IN administered on a daily basis for 3 doses, resulting in a
total of 60 pg of respective ICIs in each treatment regimen. Tumor vol-
umes were assessed with bioluminescence for GL261 tumors and tumor
weight for ALTS1cl tumors. Tumor bioluminescence was measured at
designated time points by intraperitoneal injection of D-luciferin at dose
of 150 mg/kg body weight. The bioluminescence was immediately
examined with IVIS Spectrum In Vivo Imaging System (Perkin Elmer,
MA, USA). Baseline bioluminescence was determined on day O prior to
dosing. The total bioluminescence flux from each mouse’s tumors at
designated times was evaluated, and tumor growth was expressed as
fold changes from the total flux measured at day 0. Survival duration
was assessed by daily recording of body weight for 35 days. Mice were
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humanely euthanized when body weight loss exceeded 20 % or when
apparent weakness or disability was observed.

2.11. Immunohistochemistry staining

Mice were euthanized on day 30 by cervical dislocation. The tumors
were isolated and cryo-sectioned into 5 pm slices. The slices were fixed
with cold acetone, followed by permeabilization with 0.2 % Triton-X in
PBS for 15 min. The slices were then blocked with 3 % BSA for 30 min,
and subsequently incubated overnight at 4 °C with anti-mouse F4/80
(ab111101, 1:100) or CD8 (ab217344, 1:500) primary antibodies, fol-
lowed by incubation with Alexa 488-conjugated secondary antibodies
(ab150077, 1:1000) for 1 h. For F4/80-stained slices, an additional step
involved blocking and incubating with anti-mouse iNOS (ab3523, 1:50),
followed by Alexa 647-conjugated secondary antibodies (ab150079,
1:200) under the same incubation conditions. The nuclei were coun-
terstained with DAPI and examined under a fluorescence microscope. To
examine tumor proliferation, the slices were permeabilized and blocked,
followed by incubation with anti-mouse Ki67 (ab15580, 5 ug/ml) pri-
mary antibodies. The slices were then treated with 0.3 % H205 to block
endogenous peroxidase activity for 15 min, followed by incubation with
HRP-conjugated secondary antibodies (ab6721, 1:1000). The slices were
brought to color with DAB substrate (ab64238), and nuclei were coun-
terstained with hematoxylin (Leica biosystems, IL, USA), followed by
observation with a microscope.

2.12. Flow cytometry analysis of tumor-associated immune cells

Mice that received full treatment were sacrificed at day 19 and 26 in
ALTS1cl-and GL261-bearing mice, respectively, to obtain tumor. The
tumors were immersed and minced in RPMI 1640. After removing the
supernatant by centrifugation at 5000 rpm for 3 min, the tissue was
treated with a digesting buffer containing 1 kU/ml of collagenase type 4
and 2 U/ml deoxyribonuclease I from bovine pancreas in RPMI 1640,
and then incubated at 37 °C for 10 min. The digested tissue was passed
through a 70 pm cell strainer and washed with PBS, followed by
centrifugation at 5000 rpm for 3 min to obtain a cell pellet. RBC lysis
buffer was added and incubated at room temperature for 1 min, fol-
lowed by centrifugation to pellet the cells. The cells were washed once
with PBS and the cell count was adjusted to prepare 10% cells in 100 pl
PBS. The cells were first stained with fixable viability dye for 30 min at
4 °C, and then washed once with 1 ml flow cytometry staining buffer
(FACS buffer). The cells were then blocked with CD16/CD32 mono-
clonal antibody for 10 min at 4 °C, followed by incubating with surface
antibodies for 30 min at 4 °C. The cells were fixed and permeabilized for
30 min and 15 min, respectively, at room temperature. The cells were
then stained with intracellular antibodies in permeabilization buffer for
30 min at 4 °C. After appropriate washing with permeabilization buffer,
the cells were resuspended in 100 pl FACS buffer and stored at 4 °C prior
to analysis (Attune NXT Flow Cytometer, Invitrogen, USA).

2.13. Statistical analysis

Results were expressed as mean + standard deviation (SD) in in vitro
studies and mean =+ standard error of the mean (SEM) for in vivo studies.
One-way ANOVA with Bonferroni post hoc test was applied for com-
parison of means between groups. General linear model (GLM) was
applied for comparisons of EVs secretion stimulation trend with CaP
supplementation, and tumor volume change between groups. Survival
between groups were analyzed with Kaplan-Meier method with log rank
test. Differences were considered significant at p < 0.05 and all com-
putations were performed with SPSS 22.0.
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3. Results and discussion
3.1. CaP induced EVs secretion and macrophage polarization

The CaP prepared in this study exhibited particle characteristics with
a size of around 1.5 pm and a negative surface charge. A PDI around 0.4
indicated a broad particle size distribution for the CaP suspension (Fig. 2
(A)). The CaP displayed particulate characteristics with an irregular
morphology under SEM (Fig. 2(B)). The solubility of CaP in pH 5 buffer
was estimated to be 3.8 &+ 0.2 mg/g. The FTIR and XRD spectra were
similar to those in previous research [37,38], indicating the successful
preparation of CaP (Fig. S1).

The feasibility of using CaP as EVs secretion stimulant was assessed.
A higher amount of EVs secretion was observed in CaP-treated
RAW264.7 cells throughout the 48-h experiment compared to cells
without CaP treatment, the latter being designated as the blank group
(Fig. 2(C)). EVs were secreted from the cells and reached a steady state
12 h post CaP treatment, peaking at 48 h. The effects of the medium and
the amount of CaP supplementation on EVs secretion were assessed. PBS
supplemented with CaP showed a higher EVs secretion compared to
DMEM (Fig. S2), and Fig. 2(D) indicated that conditioning cells with
100 pg/ml CaP in PBS resulted in a higher amount of EVs secretion.
Increasing the amount of CaP did not further facilitate EVs secretion,
potentially due to cell necrosis from excessive CaP treatment [39].

Cytokine concentrations in the conditioned medium and iNOS
expression, as compared between conditioning methods, are analyzed
and shown in Fig. 2(E). The DMEM, which is the normal culture con-
dition for RAW264.7, was utilized as the control for the other groups.
Cells treated with CaP were compared with those without CaP treatment
as well. While TNF-a concentrations were comparable between groups,
PBS- and PBS + CaP-conditioning led to significantly higher IL-18, IL-6,
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IL-18, and lower TGF-f secretion compared to DMEM-conditioning. CaP-
supplemented PBS showed a significantly higher IL-1p and IL-18 secre-
tion compared to PBS group. Additionally, PBS + CaP group displayed
higher iNOS expression than PBS and DMEM groups, although the dif-
ference was not significant. ICC images of iNOS expression in macro-
phages 4 h post-conditioning were compared, revealing that
macrophages conditioned with CaP showed more iNOS expression than
those conditioned with DMEM and PBS (Fig. 2(F)). Based on these
findings, it can be deduced that macrophages can polarize into proin-
flammatory phenotype when conditioned with CaP-containing PBS. To
further evaluate the ability of CaP in inducing macrophages polariza-
tion, a CaP-containing DMEM group was compared with DMEM and
showed in Fig. S3. While not as significant compared to PBS-
conditioning, the CaP-containing DMEM group showed significantly
more IL-18 and less TGF-f secretion, along with more iNOS expression,
compared to DMEM group, indicating the proinflammatory ability of
CaP in different medium. The expression tendency was not consistent
between cytokines in different groups, it can be due to the different
mechanisms that triggered the differences in expression and secretion of
cytokines [40].

Simultaneous enhancement of EVs secretion amount and polariza-
tion of macrophages into proinflammatory phenotype was achieved by
conditioning cells with CaP. This could be attributed to the elevation of
intracellular calcium levels, which triggered various cellular responses,
including the secretion of cellular materials like cytokines [41] and EVs
[23]. Macrophage phagocytosis is particle size-dependent, with di-
ameters of 2~3 pm are more readily taken up [42,43]. The size of CaP in
this research was optimal for macrophage phagocytosis, and the
engulfed CaP can be transferred into phagosomes and fused with lyso-
somes to become phagolysosomes. The low pH environment within
phagolysosomes can contribute to CaP degradation, leading to increased
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osmotic pressure from the release of calcium and phosphate ions. This
results in the destruction of the phagolysosome [39,42] and an enhanced
intracellular calcium level (Fig. 2(G)). This phenomenon is unlikely
exerted by enhanced extracellular calcium concentration since the cal-
cium levels are tightly regulated within cells, which makes adjusting
intracellular calcium levels inefficient [32,44]. Other than CaP admin-
istration, cellular stress like nutrient deprivation with PBS conditioning,
can also result in enhanced intracellular calcium level that facilitate
cytokines secretion [45,46], and glucose starvation was suggested to
result in cellular secretion of IL-6 and IL-8 [47]. While cells respond
differently toward stress, the starvation of cells under PBS culture can be
an explanation of the differences in cytokines secretion compared to
DMEM.

In this study, a change in macrophage characteristics towards CaP
conditioning was observed. CaP supplementation not only enhanced the
secretion of EVs but also induced the macrophages polarization, and PBS
conditioning potentiated this effect. Agents like lipopolysaccharide
(LPS) and IFN-y are commonly used to polarize macrophages into the
proinflammatory phenotype. LPS is a pyrogen undesirable in pharma-
ceutical preparations, and IFN-y can induce a strong autoimmune
response. Both agents can remain in the EVs products when used for M1
macrophage polarization. The established CaP conditioning method in
this study offers a potential alternative for simultaneously polarizing
macrophages and enhancing EVs secretion without the residue of the
aforementioned agents. While CaP administration resulted in increased
secretion of some proinflammatory cytokines from RAW264.7 cells, it is
still a different mechanism from infection or autoimmune pathogenesis
pathways that result in increased expression of iNOS and secretion of
TNF-a, IL-1B, IL-6, and IL-18 along with decreased secretion of anti-
inflammatory TGF-p [48]. This can be supported by a previous study
showing the efficient induction of TNF-a and IL-6 mRNA expression with
LPS treatment on RAW264.7 cells [34]. The insignificant alteration of
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TNF-a, the main cytokine released immediately in response to pathogen
infection [48], indicated the different reaction of RAW264.7 when
encountered with CaP rather than LPS. Despite the unique pattern of
proinflammatory cytokines secretion, the PBS + CaP treatment of
RAW264.7 cells showed proinflammatory phenotype polarization ten-
dency, which was supported by the higher iNOS expression and lower
anti-inflammatory TGF-f secretion observed in this study, and the CaP
supplementation potentiated this effect as compared to the PBS group
(Fig. 2(E)-Fig. S3). Summing up the results of EVs secretion rate as well
as cytokines and iNOS expression, the EVs preparation method in this
study was established by conditioning RAW264.7 cells with PBS con-
taining 100 pg/ml CaP for 24 h to achieve high EVs secretion amount
and to ensure the origin of EVs from cells of proinflammatory pheno-
type. These will be beneficial in achieving sufficient drug loading and
retain the proinflammatory characteristics of EVs for therapeutic
application.

3.2. EVs exhibited exosome-like characteristics and capable for loading of
ICIs

The EVs prepared in this study, derived from CaP-conditioned
macrophages (EV w/CaP), were characterized by their size,
morphology, and protein composition as suggested in the MISEV2018
guideline [35]. The average size of EV w/CaP analyzed with NTA was
161.7 + 22 nm, and its spherical vesicular morphology similar to EVs
prepared with polymer precipitation method [49], was identified under
TEM (Fig. 3(A)). The slightly decreased particle size observed under
TEM may be due to the differences in sample preparation for observa-
tion, and similar phenomenon was observed in lipid nanoparticles
analyzed with DLS and TEM as well [50]. Immunoblotting of EV w/CaP
showed the expression of LAMP1, ALIX and CD63, indicating their
endolysosomal and phagolysosomal biogenesis pathways (Fig. 3(B),
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Fig. S4). The particle size and the expressed proteins indicated the
possible exosome entity of the prepared EVs, demonstrating that the
conditioning method established in this study stimulated the secretion of
exosomes from cells via the known endolysosomal pathway and the
proposed CaP-associated phagolysosomal pathway.

EVs are known for their intercellular communication and microen-
vironment modulation ability [51]. Based on the findings that CaP
induced macrophage polarization and EVs secretion (Fig. 2), the po-
tential macrophage polarizing ability was compared between EV w/CaP
and EVs derived from cells without CaP treatment (EV w/o CaP). Fig. 3
(C) showed that RAW264.7 cells treated with EV w/CaP tended to
polarize to proinflammatory phenotype compared to DMEM and EV w/o
CaP groups, as significantly greater amounts of proinflammatory IL-1p
and IL-6, as well as higher secretion amount of TNF-o were observed.
Consistent with the increased proinflammatory cytokine secretion,
significantly less anti-inflammatory TGF-p secretion and more iNOS
expression were also observed in cells treated with EV w/CaP, and ICC
images also displayed more intracellular iNOS expression in EV
w/CaP-treated cells (Fig. 3(D)), confirming the proinflammatory po-
larization of RAW264.7 cells treated with EV w/CaP. Compared to the
DMEM group, the EVs-treated cells showed a different extent of proin-
flammatory phenotype polarizing tendency, with EV w/CaP treatment
exhibited the most significant effect. The proinflammatory characteris-
tics of EV w/CaP may originated from their cargos derived from parent
cells, including the cytokines, that contributed to the polarization of
macrophage into the proinflammatory phenotype similar to the cells
secreting EVs [19,28,34]. While TNF-a, IL-1B, iNOS, and TGF-f showed
similar secretion or expression trends compared to the parent
RAW264.7 cells treated with CaP, differences in IL-6 and IL-18 secretion
trends were observed in EV w/o and w/CaP that are not comparable
with the CaP treatment results (Figs. 2(E) and 3(C)). The differences in
IL-6 levels between EV w/0 CaP and EV w/CaP, as well as between PBS
and PBS + CaP groups, may be overlooked due to their insignificant
differences. Another possible reason can be the complex intracellular
cargo transportation and sorting while secreting EVs that led to the
different reactions of cells toward EVs and CaP treatment. While the
ability of EVs in remodeling diseased environment were documented,
more research should be conducted to elucidate the underlying mech-
anism that precipitate to the observed results.

The ICI/EVs preparation method was established by first comparing
the LE of aPD-L1 in EV w/CaP with three different loading methods.
Table S1 showed that the incubation method led to a relatively lower LE
of aPD-L1 in EVs, whereas sonication resulted in a higher LE compared
to the freeze/thaw method. To further confirm the suitability of soni-
cation in ICIs loading, FITC-conjugated rat IgG was loaded into PKH26-
stained EVs with sonication method, and the respective fluorescence was
well-localized (Fig. S5). The sonication method was chosen for the
loading of ICIs due to its high aPD-L1 LE, and the sonication condition
was further optimized based on the number of sonication cycles and the
amount of ICIs spiked. Under the same output voltage, increased soni-
cation cycles had a small influence on EVs concentrations and aPD-L1
LE, but they might lead to a lower total protein concentration, indi-
cating the loss of proteins and their functions during preparation
(Fig. S6). The maximum LE of ICIs into EV could be achieved by spiking
approximately 4 pg of aPD-L1 or aCTLA-4 into 0.7 ml conditioned me-
dium, as the LE of ICIs was saturated at 4-5 pg (Fig. 3(E)). Based on these
results, the ICIs loading method was established by sonicating 4 pg ICIs
with 0.7 ml of conditioned medium for 3 cycles. Under this condition,
the loading amount of ICIs in EVs was 1.03 &+ 0.15 and 1.37 + 0.04 pg/
107 EVs for aPD-L1 and aCTLA-4, respectively. The particle size and
TEM image of aPD-L1/EV were analyzed and shown in Fig. S7.

To confirm the preservation of ICIs’ function post loading, the
binding affinity of aPD-L1/EV toward PD-L1 was evaluated with ELISA
in comparison with free aPD-L1 (Fig. 3(F)). The result in Fig. 3(G)
showed a slightly enhanced binding affinity of aPD-L1/EV toward PD-L1
compared to free aPD-L1 but without a significant difference, indicating
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the preserved target binding ability of ICIs post preparation. The
enhanced binding affinity detected in aPD-L1/EV may be due to the high
LE of aPD-L1 on EVs that attracted more secondary antibodies. Similar
results were also obtained with the ICC results of in vitro aPD-L1/EV
distribution toward GL261 cells, where aPD-L1 was more readily
distributed to GL261 cells with the aid of EVs compared to free aPD-L1
(Fig. S8). Based on these results, the ICI/EVs preparation method was
established with high ICIs loading efficiency and preserved ICIs target
binding ability.

3.3. EVs facilitated ICIs delivery with enhanced barrier permeation rate
and distribution into orthotopic glioma

Enhanced barrier permeability and efficient delivery represent
desirable characteristics of EVs for drug delivery applications [51]. In
vitro and in vivo assessments were conducted to evaluate the feasibility of
using EVs for delivering ICIs to brain tumors. C2BBel, a CaCo-2 clone
commonly employed for intranasal and barrier permeation studies [52],
was utilized in this study to assess the barrier permeability of ICI/EVs
(Fig. 4(A)). TEER was recorded to ensure barrier integrity and to
monitor monolayer formation, with a TEER value of 455.4 + 4.8 Q x
cm? recorded on day 20 (Fig. S9). The permeation results in Fig. 4(B)
demonstrated that aPD-L1/EV could readily permeate through the
C2BBel barrier, exhibiting around a 60 % enhancement in permeated
aPD-L1 compared to the free aPD-L1-administered group. This outcome
indicated the permeation-enhancing effect of EVs, which could be ad-
vantageous for ICIs delivery across intact barriers.

Invivo studies were performed to assess the delivery efficiency of ICIs
with EVs and to determine the optimal delivery method achieving the
highest brain accumulation of ICIs. The RO and IN methods were
compared with FITC-conjugated IgG as a model drug. In order to in-
crease the accessibility of the ICIs to enter the brain systemically, the RO
route was chosen over the tail vein injection due to its close proximity to
the brain and the avoidance of first-pass metabolism [53]. IN adminis-
tration is recognized for its efficient delivery and accumulation of pro-
tein drugs into the brain compared to systemic administration due to the
higher permeability of nasal epithelium compared to the dense BBB
[54]. Fig. 4(C) illustrated that IN administration of IgG/EV resulted in a
significantly higher cumulative fluorescence intensity of IgG, with a
67-130 % enhancement compared to the other groups. RO administra-
tion of IgG/EV and free IgG exhibited limited brain accumulation ef-
fects, potentially due to the rapid systemic distribution of the
administered substances rather than proximal entry into the brain.
However, no difference was observed between RO and IN administra-
tion of free IgG, and higher IgG signals were observed in
IgG/EV-administered groups compared to free IgG groups, irrespective
of the delivery route, indicating the barrier permeation enhancement
effect of EVs. The IN administration method was selected as the
preferred drug delivery route for further in vivo studies due to its
effective distribution and delivery of IgG/EV within the brain.

The distribution of aPD-L1 within orthotopic glioma brain tissue
after IN administration was also evaluated. Fig. 4(D) showed more sig-
nificant aPD-L1 distribution within the tumor compared to the admin-
istration of free aPD-L1, which was primarily located at the tumor
margin. This result indicated that EVs facilitated the distribution of ICIs
within the brain and tumor, while preserving the targeting ability of
aPD-L1 upon loading into EVs. Efficiently delivering ICIs to the brain
could also reduce safety concerns. Plasma concentration of IL-6, an in-
dicator of ICIs-related adverse events (irAEs) [55,56], was significantly
higher after intravenous (IV) injection of aPD-L1 + aCTLA-4 compared
to that administered intranasally (Fig. S10). Notably, two out of the six
mice in the IV aPD-L1 + aCTLA-4 group died shortly after dosing,
indicating the potential risk of irAEs upon IV administration of ICIs. In
contrast, IN administration of ICIs showed a slightly but insignificantly
increase in IL-6 plasma concentration compared to the control group. It
can be concluded that IN administration led to a constrained distribution
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Fig. 4. Barrier permeation enhancement effect of EVs and efficient delivery of aPD-L1/EV into brain. (A) Scheme of the in vitro barrier permeation test with C2BBel
trans-well system (created from Biorender.com). (B) Amounts of permeated aPD-L1 with free aPD-L1 or aPD-L1/EV administration through the C2BBel barrier. (C)
Comparison of drug delivery efficiency with RO or IN administration of FITC-conjugated IgG or IgG/EV. The upper column displays the fluorescence of IgG within
brain sections, and the lower column shows the cumulative fluorescence intensity of brain sections. (D) Distribution of aPD-L1 in GL261 tumor-bearing mice. Green
fluorescence indicates aPD-L1, and nuclei were stained with DAPI. Statistics in (B, C) were conducted by one-way ANOVA with Bonferroni post hoc test. Asterisks
represent a significant difference between indicated groups, with significance defined as p < 0.05. Data were presented as mean + SD with n = 3.

and reduced systemic exposure of ICIs, thereby establishing a safe and
efficient delivery strategy for ICI/EVs administration. In summary, EVs
serve as a suitable delivery system for ICIs, preserving their targeting

evaluated using two orthotopic glioma models (Figs. 5 and 6). The
experimental scheme was illustrated in Fig. 5(A). GL261 tumor volumes
were analyzed, and Fig. 5(B and C) shows a continuous enlargement of

ability and efficiently permeating through biological barriers to deliver
ICIs to the brain and tumor with reduced safety concern.

tumor volumes, characterized by rapid growth from day 0 to day 11,
followed by a slight decrease on day 25 in the PBS, aPD-L1, aPD-L1/EV,
and aPD-L1 + aCTLA-4 groups. Mice treated with aPD-L1/EV + aCTLA-
4/EV showed minimal tumor volume changes during the 25-day
observation. This trend was significantly different from the PBS and
aPD-L1-treated mice and displayed a 5.5- to 9.5-fold reduction in tumor
volume on day 25 compared to the other treatment groups. A slower

3.4. ICI/EVs facilitated tumor volume reduction and prolonged survival in
glioma-bearing mice

The therapeutic effects of ICI/EVs on tumor-bearing mice were
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Fig. 6. Therapeutic effect of ICI/EVs in managing orthotopic ALTS1c1 tumors. (A) Tumor weights were examined on day 19, revealing reduced tumor weights with
aPD-L1/EV + aCTLA-4/EV treatment. (B) Survival of orthotopic ALTS1c1 tumor-bearing mice post treatments, showing prolonged survival duration with aPD-L1/EV
+ aCTLA-4/EV treatment. (C) Ki67 staining of ALTS1c1 tumors showed no proliferating cells with aPD-L1/EV + aCTLA-4/EV treatment. Scale bar: 50 pm. Statistics
for (A) were obtained from one-way ANOVA with Bonferroni post hoc test, and for (B) from the Kaplan-Meier survival analysis with the log rank test. The asterisks in
(A, B) indicate a significant difference from the other groups, with significance defined as p < 0.05. Data are presented as mean + SEM withn = 5in (A),n =7 in

aPD-L1 + aCTLA-4, aPD-L1/EV + aCTLA-4/EV, and n = 10 in control group in (B).

initial tumor volume enlargement rate was observed in the ICI/EV
groups (aPD-L1/EV and aPD-L1/EV + aCTLA-4/EV) than in their
respective free ICI groups (aPD-L1 and aPD-L1 + aCTLA-4). Hematox-
ylin and eosin staining of tumor-bearing brains was also assessed. The
tumor volume correlated well with the findings from IVIS, confirming
that the tumor reduction effect was due to the therapeutic impact of ICI/
EVs and not from luciferase loss (Fig. S11). The survival of GL261-
bearing mice post-treatment showed that both PBS and EVs-treated
mice had shorter survival durations, with median survival times of 19
and 17 days, respectively. All mice in these groups died within the 35-
days study period. Comparable survival rates were observed between
the aPD-L1 and aPD-L1/EV treatments in the first 15 days. However, the
aPD-L1/EV treatment led to a longer median survival time (30.5 days)
than the aPD-L1 treatment (20 days). This highlights the benefits of aPD-
L1/EV in extending survival compared to free aPD-L1. Combination
treatments with ICIs showed longer survival durations than the single
aPD-L1 treatment, with undefined median survival times in both groups.
Early death was observed with the aPD-L1 + aCTLA-4 treatment, where
the mice experienced rapid body weight loss and met the humane sac-
rifice criteria. On the contrary, only one mouse in the aPD-L1/EV +
aCTLA-4/EV group died on day 35. The statistical results revealed that
the aPD-L1/EV + aCTLA-4/EV treatment significantly extended survival
compared to all other treatment groups, and the survival durations of
aPD-L1/EV and aPD-L1 + aCTLA-4 were significantly longer than that of
PBS (Fig. 5(D)). The Ki67 staining results showed minimal positive
staining for proliferating cells in glioma tissue treated with aPD-L1/EV

+ aCTLA-4/EV, in contrast to other treatment groups and the PBS
control (Fig. 5(E)). The lowest proliferation index was also found in mice
underwent aPD-L1/EV + aCTLA-4/EV treatment (Fig. S12(A). This
finding correlates with the tumor volume and survival analysis, sug-
gesting that the combination of ICI/EVs treatment inhibits tumor pro-
liferation, leading to optimal therapeutic outcomes in the GL261 model.

Based on the therapeutic results observed in GL261-bearing mice,
ALTS1cl was applied to evaluate the therapeutic effect and further
confirm the efficacy of ICI/EVs. Only combinatory ICIs treatments were
examined, based on the finding that this treatment resulted in better
therapeutic outcomes as observed in GL261 (Fig. 6). In ALTS1c1-bearing
mice, the aPD-L1/EV + aCTLA-4/EV group exhibited significantly
smaller tumor weights, with a 2.5-fold reduction at day 19, compared to
the aPD-L1 + aCTLA-4 and control groups, both of which had compa-
rable tumor weights (Fig. 6(A)). A significantly prolonged survival
duration was observed in the aPD-L1/EV + aCTLA4/EV group. The
median survival time for the control, aPD-L1 + aCTLA-4, and aPD-L1/
EV + aCTLA-4/EV groups were 25, 25, and 28 days, respectively (Fig. 6
(B)). Fewer Ki67-positive cells were observed in tumors treated with
aPD-L1/EV + aCTLA-4/EV, along with the lowest proliferation index
compared to the control and aPD-L1 + aCTLA-4 groups (Fig. 6(C)—
Fig. S12(B)). In summary, the aPD-L1/EV + aCTLA-4/EV treatment led
to tumor reduction, extended survival, and inhibited tumor cell prolif-
eration in both glioma mouse models. The efficient delivery of ICIs into
the brain, facilitated by EVs, can be the reason for the observed optimal
therapeutic effects.
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3.5. Efficient delivery of ICI/EVs facilitated immune modulation in tumor
microenvironment

Immune cells, including cytotoxic T cells and M1 macrophages, were
analyzed with IHC and flow cytometry in both GL261 and ALTS1cl
tumors to further confirm the immunotherapeutic effects exerted by ICI/
EVs (Figs. 7 and 8). CD8" cytotoxic T cells were observed in IHC results
with ICIs and ICI/EVs treatment compared to PBS or control groups in
both glioma models. aPD-L1/EV + aCTLA-4/EV treatment resulted in
greater infiltration of cytotoxic T cells compared to the other treatment
groups (Figs. 7(A) and 8(A)). The tumor-associated macrophages (TAM)
in both glioma models showed a tendency towards M1 phenotype po-
larization with EVs-administered groups, specifically the aPD-L1/EV
and aPD-L1/EV + aCTLA-4/EV treated mice (Figs. 7(B) and 8(B)).
Merely administrating ICIs did not lead to TAM polarization, as indi-
cated by low iNOS expression in IHC results. Flow cytometry analysis
was performed to quantify the immune cells within tumors. The results
for GL261 (Fig. 7(C-E)) showed slightly higher proportions of T cells
(CD3 cells), cytotoxic T cells (CD3"CD8™ cells), and M1 macrophages
(F4/80TiNOS™ cells) in aPD-L1/EV + aCTLA-4/EV-treated mice
compared to the other treatment groups. On the other hand, ALTS1cl
tumors showed significantly more infiltrated T cells and polarized M1
macrophages with aPD-L1/EV + aCTLA-4/EV treatment compared to
control and aPD-L1 + aCTLA-4 groups, both of which demonstrated
similar proportions of immune cells within tumors (Fig. 8(C-E)). The
gating strategy and antibody panel are listed in Fig. S13 and Table S2.

Several factors, including the cellular communications and cytokines
interactions, have been suggested to play a role in establishing the tumor
microenvironment (TME). The TME of different tumors consist distinct
cellular components, leading to their different extent of reaction toward
immunotherapy. Based on the lymphocytes infiltration density into the
TME, the tumors can be classified as hot or cold tumors, and hot tumors
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were generally deemed to be more immune-active and more susceptible
to immunotherapy [57]. The challenge in managing glioma with
immunotherapeutic strategy lies in the fact that its TME remains
immunosuppressive, and TAM, accounting for around 30 % of the tumor
mass, contribute to the exhaustion of immune cells and lead to the poor
response rate of gliomas toward immunotherapy [58,59]. To overcome
the immunosuppressive TME, several strategies can be applied to
transform the cold tumors into the hot ones, thus leading to the
enhanced infiltration of cytotoxic lymphocytes to fight against tumor
cells. Studies have suggested that polarizing TAM into the M1 phenotype
overcomes the immunosuppressive condition and enhances immuno-
therapeutic efficacy [20,34,60]. A combination of immunotherapeutic
strategies, including the blockade of multiple immune checkpoints with
different mechanisms, can also be beneficial in activating immune re-
sponses within the TME [61]. In this study, EVs demonstrated an
optimal TAM-polarizing effect toward the M1 phenotype (Fig. 3(C, D), 7
(B, E), 8(B, E)). The increased infiltration of T cells and cytotoxic T cells
could be attributed to the M1 phenotype polarization of TAM that
reversed the immunosuppressive TME and the efficient delivery of ICIs
into the tumors with the aid of EVs, both of which realized the combi-
nation immunotherapy within the tumor. As observed in Figs. 5-8, the
combination of EVs and ICIs treatment activated immune responses in
the TME, leading to the downstream enhancement of immune effector
cell infiltration and thus resulting in the optimal therapeutic effect [22,
62]. Based on the GL261 tumor volume results in Fig. 5 (C), it can be
postulated that the combined immunotherapeutic effect can be achieved
within ten days post treatment, resulting in the decreased tumor volume
along with the prolonged survival duration.

The treatment outcomes of ICI/EVs were compared in two different
orthotopic glioma mouse models due to the heterogenicity of the brain
tumors [63]. The distinct cellular nature of GL261 (glioblastoma) and
ALTS1cl (astrocytoma) created different TME, and thus they reacted
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Fig. 7. Immune cells in GL261 tumors post treatment. (A) IHC images of cytotoxic T cells within the tumor tissue. Green fluorescence indicates CD8 expression on T
cells, while nuclei are counterstained with DAPI. Scale bar: 50 pm. (B) IHC images of M1 macrophages within tumor tissue. Green fluorescence indicates F4/80-
stained macrophages, and red fluorescence indicates iNOS expression. Nuclei are counterstained with DAPI. Scale bar: 20 pm. (C-E) Flow cytometry analysis re-
sults for total T cells (C), cytotoxic T cells (D), and M1 macrophages (E). Statistics for (C, D, E) were obtained from one-way ANOVA with Bonferroni post hoc test,
with significance defined as p < 0.05. Data are expressed as mean + SEM with n = 5.
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Fig. 8. Immune cells in ALTS1cl tumors post treatment. (A) IHC images of cytotoxic T cells in tumor tissue. Green fluorescence indicated CD8 on T cells, and nuclei
were counterstained with DAPI. Scale bar: 50 pm. (B) IHC images of M1 macrophages in tumor tissue. Green fluorescence indicated F4/80-stained macrophages and
red fluorescence indicated iNOS expression. Nuclei were counterstained with DAPI. Scale bar: 20 pm. (C-E) Flow cytometry analysis results of total T cells (C),
cytotoxic T cells (D), and M1 macrophages (E). Asterisks indicated significant difference compared to the other groups with statistics obtained from one-way ANOVA

and Bonferroni post hoc test. Data were expressed as mean + SEM with n = 5.

differently to ICI/EVs treatment (Fig. S14) [64,65]. The significant
infiltration of cytotoxic T cells and TAM polarization in the IHC images
of GL261 tumors upon ICI/EVs treatment could be the primary reason
for the reduced tumor volume and prolonged survival duration (Fig. 5
(B-D)). The small tumor volume post aPD-L1/EV + aCTLA-4/EV treat-
ment made it challenging to isolate tumor tissue for flow cytometry
analysis. Nevertheless, the quantification results still demonstrated an
increased presence of immune cells within GL261 tumors upon
aPD-L1/EV + aCTLA-4/EV treatment. On the other hand, although a
significant difference in T cell and M1 macrophage quantities was
observed in ALTS1c1 tumors upon aPD-L1/EV + aCTLA-4/EV treatment
(Fig. 8), the rapid growth of tumor cells [65] might be the reason for the
slight prolongation of survival duration compared to the aPD-L1 +
aCTLA-4 and control groups (Fig. 6). Given that EVs efficiently delivered
ICIs into tumors, dose adjustment may be required to achieve an optimal
therapeutic effect in ALTS1cl tumors [66].

4. Conclusion

Numerous studies have focused on developing therapeutic strategies
to manage glioma, and immunotherapy offers room for progress in
achieving efficient glioma therapy. An ICIs delivery strategy with EVs
was established in this study. A method to increase the secretion of
proinflammatory EVs was developed, which is beneficial for drug de-
livery system preparation, and efficiently loaded with ICIs. A delivery
strategy was established for the efficient accumulation of ICI/EVs within
glioma lesion, activating the immune response and ultimately leading to
the efficient management of glioma in mouse models. The results of this

11

study suggest the feasibility of using CaP to obtain EVs for delivering
ICIs. The simultaneous efficient delivery of ICIs and EVs modulates TME
to exert an optimal therapeutic effect in glioma. In conclusion, the EVs-
based drug delivery system established in this study holds promise for
broad therapeutic applications in managing various brain diseases.
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