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Mesenchymal stem cells, as glioma exosomal
immunosuppressive signal multipliers,
enhance MDSCs immunosuppressive activity
through the miR-21/SP1/DNMT1 positive
feedback loop
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Abstract

Background The immunosuppressive microenvironment in glioma induces immunotherapy resistance and is
associated with poor prognosis. Glioma-associated mesenchymal stem cells (GA-MSCs) play an important role in the
formation of the immunosuppressive microenvironment, but the mechanism is still not clear.

Results We found that GA-MSCs promoted the expression of CD73, an ectonucleotidase that drives
immunosuppressive microenvironment maintenance by generating adenosine, on myeloid-derived suppressor cells
(MDSCs) through immunosuppressive exosomal miR-21 signaling. This process was similar to the immunosuppressive
signaling mediated by glioma exosomal miR-21 but more intense. Further study showed that the miR-21/SP1/DNMT1
positive feedback loop in MSCs triggered by glioma exosomal CD44 upregulated MSC exosomal miR-21 expression,
amplifying the glioma exosomal immunosuppressive signal. Modified dendritic cell-derived exosomes (Dex)

carrying miR-21 inhibitors could target GA-MSCs and reduce CD73 expression on MDSCs, synergizing with anti-PD-1
monoclonal antibody (mAb).

Conclusions Overall, this work reveals the critical role of MSCs in the glioma microenvironment as signal multipliers

to enhance immunosuppressive signaling of glioma exosomes, and disrupting the positive feedback loop in MSCs
with modified Dex could improve PD-1 blockade therapy.
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Introduction

Glioblastoma multiforme (GBM) is the most common
primary malignant tumor of the central nervous system
and is resistant to conventional therapies, including sur-
gery, radiotherapy and chemotherapy [1, 2]. The median
survival time of GBM patients receiving standard-of-
care treatment is approximately 15 months [3]. In recent
years, tumor immunotherapy has been applied in the
treatment of various tumors, and satisfactory results
have been obtained [4—6]. However, glioma is resistant to
immunotherapies because of its unique immunosuppres-
sive microenvironment.

Mesenchymal stem cells (MSCs) are a major compo-
nent of the tumor microenvironment and are character-
ized by the coexpression of CD105, CD73, and CD90 [7,
8]. MSCs can modulate the immune response and have
been reported to inhibit the proliferation of natural killer
(NK) cells and promote the M2 polarization of macro-
phages [9, 10]. The percentage of MSCs in high-grade
glioma was inversely correlated with patient survival,
indicating that infiltrating MSCs could promote glioma
progression [11], but the underlying mechanism remains
unclear.

Myeloid-derived suppressor cells (MDSCs) play an
important role in the formation of the glioma immu-
nosuppressive microenvironment [12, 13]. Report-
edly, MDSCs infiltration in glioma is positively
correlated with malignant behavior [14]. MDSCs exhibit
a CD11b*CD33*HLA-DR™~ phenotype in humans and
a CD11b*Gr-1" phenotype in mice [15]. MDSCs can
regulate the immune response through several immune-
related molecules, such as CD73, Arg-1, and iNOS
[16-18]. Inhibiting the immunosuppressive function of
MDSCs is expected to improve the effect of immunother-
apy in glioma and prolong patient survival time.

The ATP-adenosine pathway promotes the formation
of an immunosuppressive microenvironment [19]. In the

extracellular space, ATP or ADP can be converted into
ADP or AMP, respectively, by the ectoenzyme CD39, and
AMP can be converted into adenosine by the ectoenzyme
CD73 [20]. Adenosine suppresses the functions of mul-
tiple immune cells, such as T cells, NK cells, and den-
dritic cells (DC), and promotes tumor progression [21].
An anti-CD73 monoclonal antibody (mAb) is currently
being evaluated as a monotherapy targeting a variety of
solid tumors in small-scale trials [22-24]. In addition,
the absence of CD73 was shown to improve survival in a
murine model of glioma treated with anti-PD-1 therapy,
indicating that CD73 is a combination therapy target in
glioma [25].

Exosomes are extracellular vesicles with a diameter of
30-150 nm that can be secreted from most cells [26].
Exosomes are mainly composed of lipid molecules, pro-
teins and noncoding RNAs [27]. Our previous stud-
ies have shown that exosomes mediate communication
between tumor cells and immune cells in the glioma
microenvironment, promoting the malignant behavior of
glioma cells and the formation of an immunosuppressive
glioma microenvironment [28-30]. Studying the cargo of
exosomes would be helpful for identifying new therapeu-
tic strategies.

Noncoding RNAs play an important role in exosome-
mediated communication [31]. It was reported that
RNAs with a relatively shorter sequence are more eas-
ily loaded into exosomes and that the effect of exosomal
noncoding RNA is dose dependent [31, 32]. MicroRNAs
(miRNAs) are a class of 20- to 25-nucleotide noncoding
RNAs [33]. Reportedly, miRNAs are the most enriched
nucleotides in exosomes, implying an important role of
miRNAs in exosome-mediated cell-cell communication
[34].

In this study, we found that glioma-associated mes-
enchymal stem cells (GA-MSCs) promoted glioma pro-
gression by upregulating CD73 expression on MDSCs
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through exosomal miR-21, which was similar to our
previously reported finding that glioma-derived exo-
somal miR-21 promotes MDSC activation [35], but more
intense. Here, we found that glioma-derived exosomal
CD44 upregulated miR-21 expression in MSCs by stimu-
lating the expression of the transcription factor XBP1s.
Upregulated miR-21 in MSCs could reduce the DNA
methylation level in the miR-21 promoter region through
the miR-21/SP1/DNA methyltransferase 1 (DNMT1)
pathway, further promoting the transcription of miR-
21 and triggering a positive feedback loop. The miR-21/
SP1/DNMT1 positive feedback loop in MSCs triggered
by glioma exosomal CD44 could increase MSC exosomal
miR-21 to a dozen times that in glioma exosomes, ampli-
fying glioma exosomal immunosuppressive signaling.
These results revealed the central role of MSCs in the
glioma microenvironment as signal multipliers. On the
basis of the above research, we designed miR-21 inhibi-
tors containing exosomes modified with the blood-brain
barrier (BBB)-penetrating peptide angiopep-2 to disrupt
the miR-21/SP1/DNMT1 positive feedback loop. Animal
experiments demonstrated that modified exosomes could
target GA-MSCs to inhibit glioma progression in vivo
and synergize with anti-PD-1 mAb therapy.

Materials and methods

Cell culture

Mouse and human bone marrow-derived MSCs (BM-
MSCs) were purchased from Cyagen Biosciences. Human
glioma cell lines (U87MG and LN229) and the mouse
glioma cell line GL261 were purchased from the Chinese
Academy of Sciences Cell Bank. All cells were cultured in
DMEM/F12 supplemented with 10% FBS, penicillin (100
U/ml), and streptomycin (100 U/ml). Human and mouse
glioma-associated MSCs (GA-MSCs) were established
by treating BM-MSCs with supernatant from U87MG or
GL261 cells for 2 weeks. These cell lines were cultured in
a humidified incubator containing 5% CO, at 37 °C and
validated by short tandem repeat profiling.

Animal study
Four- to six-week-old male C57BL/6 mice were pur-
chased from GemPharmatech Co., Ltd. (China) and
maintained at the Neurosurgery Laboratory of Qilu
Hospital of Shandong University. All experimental pro-
cedures were approved by the Animal Care and Use
Committee of the Qilu Hospital of Shandong University.
To evaluate the glioma-promoting effect of MSCs in
vivo, luciferase-expressing GL261 cells (5x10°/mouse)
were mixed with mouse BM-MSCs or GA-MSCs
(5x10°/mouse) and injected into the brains of C57BL/6
mice. Glioma growth was monitored using an IVIS spec-
trum in vivo imaging system (PerkinElmer) on days 4, 11,
and 18 after glioma implantation. Mice were sacrificed
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after the last bioluminescence imaging to evaluate CD73
expression on MDSCs. Another 5 mice were used for
survival analysis.

To assess the MDSC induction ability of MSC exo-
somes, normal C57BL/6 mice were intravenously injected
with exosomes (30 pg/mouse/time) derived from mouse
BM-MSCs or GA-MSCs three times a week. Two weeks
later, the mice were sacrificed, and the splenocytes were
collected for flow cytometry analysis.

For combined drug animal experiments, luciferase-
expressing GL261 cells (10°/mouse) were injected into
the brains of C57BL/6 mice. Seven days later, glioma-
bearing mice were intravenously injected with modified
mouse DC-derived exosomes (30 pg/mouse/time) con-
taining miR-21 inhibitors three times a week for 2 weeks.
Anti-PD-1 antibodies (BP0273, clone 29 F.1A12, BioX-
cell) and isotype controls (BP0089, BioXcell) were intra-
peritoneally injected into the mice (250 pug/mouse/time)
on days 7, 10, 13, 16 and 19 after glioma implantation.
Tumor volume was evaluated using bioluminescence
imaging.

Human MDSC induction

Lymphocyte separation medium (TBD, LTS1077) was
used to isolate human peripheral blood mononuclear
cells (PBMCs) from healthy volunteer venous blood fol-
lowing the manufacturer’s protocol. PBMCs collected
from healthy volunteers were cultured in RPMI 1640
medium supplemented with 10% exosome-depleted FBS.
Exosomes (10 pg) derived from human BM-MSCs or
GA-MSCs were added to the culture medium 72 h before
testing. Flow cytometry was used to determine the per-
centage of CD33*HLA-DR™ MDSCs and the expression
of CD73 on MDSCs.

Patient MDSCs isolation

CD33"HLA-DR™ MDSCs were separated from glioma
patient-derived PBMCs using HLA-DR MicroBeads and
CD33 MicroBeads (Miltenyi Biotec) following the man-
ufacturer’s protocol. Ethics approval was obtained from
the Clinical Research Ethics Committee of Qilu Hospital
of Shandong University.

Mouse MDSCs induction

Mouse bone marrow cells were cultured in RPMI 1640
medium supplemented with 10% exosome-depleted FBS
and GM-CSF (20 ng/ml). Exosomes (10 pg) derived from
mouse BM-MSCs or GA-MSCs were added to the culture
medium 72 h before testing. Flow cytometry was used to
determine the percentage of Gr-1¥*CD11b* MDSCs and
the expression of CD73 on MDSCs.
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Exosome isolation

Cell culture medium was collected and centrifuged at
2,000 x g for 30 min and 12,000 x g for 45 min, and the
precipitate was removed. The supernatant was ultracen-
trifuged at 100,000 x g for 70 min. PBS was used to resus-
pend the deposited exosomes. All exosomes were stored
in a -80 °C freezer, and repeated freezing and thawing
was avoided.

Small interfering RNA, miRNA mimics, and lentivirus
transfection

All small interfering RNAs (siRNAs), miRNA mimics and
inhibitors were purchased from GenePharma (Shanghai,
China). Lipofectamine™ 3000 (Thermo Fisher, USA) was
used to transfect siRNAs, miRNA mimics and inhibi-
tors into cells according to the manufacturer’s protocol.
The GNSTM-ANG-Lamp2B-HA plasmid (GenePharma,
China) was constructed as we previously described [36].
All siRNA, mimic and inhibitor sequences are listed in
Table S1.

gRT-PCR and western blotting

For qRT-PCR, total RNA was extracted from MSCs,
MDSCs, and glioma cells using TRIzol in accordance
with the manufacturer’s protocol. Exosomal RNA was
extracted using the SeraMir™ Exosome RNA Extraction
Kit (System Biosciences, USA) following the manufac-
turer’s protocol. A ReverTra Ace qPCR RT Kit (FSQ-101,
TOYOBO) was used to perform reverse transcription.
TB Green™ Premix Ex Taq™ (Takara) was used to conduct
quantitative PCR. U6 and [-actin were used as internal
controls for miRNA and mRNA, respectively. All primers
used for qRT-PCR are listed in Table S2.

For western blotting, protein was extracted from
MSCs, MDSCs, glioma cells or their exosomes using
RIPA lysis buffer (Beyotime, China) following the manu-
facturer’s protocol. All antibodies used for western blot-
ting are listed in Table S3.

T-cell suppression assay

To evaluate the capacity of mouse MDSCs to suppress
T cells, single-cell suspensions of spleen or tumor tissue
were stained with anti-Gr-1-FITC antibody for 10 min
and anti-FITC microbeads (Miltenyi Biotec) for 15 min,
and then the suspensions were loaded onto a magnetic
column to separate the Gr-1* cells. CFSE (2.5 puM; Invi-
trogen) was used to label splenocytes from normal
C57BL/6 mice. After incubating splenocytes with CFSE
for 20 min at 37 °C, the cells were stimulated with 2 pg/
ml anti-mouse CD28 antibody in the culture medium
(eBioscience, USA) and plate-bound anti-mouse CD3e
antibody (eBioscience). Isolated Gr-1* cells (1x10°) were
cocultured with 2x10° splenocytes labeled with CFSE
in U-bottom 96-well plates. AMP (50 uM, Solarbio) was
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added to the culture medium. Three days later, cells were
labeled with anti-mouse CD8-APC antibody, and CD8*
T-lymphocyte CESE dilution was analyzed.

To assay the capacity of human MDSCs to suppress T
cells, CD33-depleted PBMCs were labeled with 2.5 uM
CFSE and stimulated with a plate-bound anti-human
CD3 antibody (1 pg/ml, eBioscience) and an anti-human
CD28 antibody (1 upg/ml, eBioscience) in the culture
medium. Exosome-induced or miR-21 mimic-transfected
CD33* cells were cultured with these cells at a 1:2 ratio in
U-bottom 96-well plates. AMP (50 uM) was added to the
culture medium. Seventy-two hours later, the cells were
stained with anti-human CD8-APC antibody, and CESE
dilution was analyzed.

Methylation-specific PCR (MSP)

The QIAamp DNA Mini Kit (Qiagen) was used to extract
genomic DNA from MSCs following the manufacturer’s
protocol. Purified DNA was exposed to bisulfite using
the EpiTect Bisulfite Kit (Qiagen). MSP of bisulfite-trans-
formed DNA was carried out with a nested, two-stage
PCR method. The primer sequences are listed in Table
S2. The amplified PCR products were separated by aga-
rose gel electrophoresis and visualized with GelRed.

Luciferase reporter assay

Starbase (starbase.sysu.edu.cn/) was used to predict the
targets of miR-21. Reporter genes containing pGL3-
DNMTI-3'UTR, pGL3-SPI-1-wt, pGL3-SPI1-2-wt,
pGL3-SPI-1-mut, and pGL3-SPI-2-mut were synthe-
sized (GeneChem, China). Jaspar (jaspar.genereg.net) was
used to predict the binding site between XBP1s and the
promoter of miR-21. Reporter genes containing pGL3-
miR-21-promoter-wt and pGL3-miR-21-promoter-mut
were synthesized (GeneChem, China). Lipofectamine™
3000 reagent was used to transfect dual-luciferase
reporter gene plasmids according to the manufacturer’s
protocol. The Dual Luciferase Reporter Assay Kit (Pro-
mega, USA) was used to perform the luciferase assay 48 h
after transfection.

Flow cytometry

To measure CD73 expression on human MDSCs, human
PBMCs were stained with anti-human CD73-APC (17-
0739, eBioscience), anti-human CD33-FITC (11-0339,
eBioscience) and anti-human HLA-DR-PE (12-9952,
eBioscience) antibodies for 30 min at room tempera-
ture. To measure CD73 expression on mouse MDSCs,
single cells from mouse bone marrow cells or spleen or
tumor tissues were stained with anti-mouse CD73-APC
(127,210, BioLegend), anti-mouse Gr-1-PE (108,408, Bio-
Legend) and anti-mouse CD11b-FITC (11-0112, eBiosci-
ence) antibodies. A C6 flow cytometer (BD Biosciences,



Qiu et al. Journal of Nanobiotechnology (2023) 21:233

USA) was used to perform flow cytometry. FlowJo V10
software was used to analyze the data.

To measure DNMT1 expression in MSCs, FoxP3/Tran-
scription Factor Staining Buffer Kit (IC001, Multi Sci-
ences) was used to permeabilize cells according to the
manufacturer’s protocol. Anti-mouse CD45-FITC (11—
0454, eBioscience), Anti-mouse TER-119-FITC (11-5921,
eBioscience), Anti-mouse Sca-1-PE-Cyanine7 (25-5981)
and anti-mouse PDGFRA-APC (17-1401, eBioscience)
were used to identify MSCs. Anti-Dnmtl antibody
(ab188453, Abcam) and PE—conjugated Goat Anti-Rab-
bit IgG (H+L) (SA00008-2, Proteintech) were used to
measure DNMT1 expression.

Prior to IFN-y staining, cells were stimulated with 50
ng/mL PMA (Sigma), 750 ng/mL ionomycin (Sigma)
and 1xGolgiPlug™ (BD Biosciences) at 37 °C for 4 h.
Then the FoxP3/Transcription Factor Staining Buffer Kit,
anti-mouse CD8-APC (17-0081, eBioscience) and anti-
mouse IFN-y-PE (F21IFNGO2, Multi Sciences) was used
to evaluate the percentage of CD8*IFN-y* cells in glioma
tissues.

Chromatin immunoprecipitation (ChIP)

A ChIP Assay Kit (Beyotime, China) was used to precipi-
tate DNA combined with anti-XBP1s antibody (40,435 S,
Cell Signaling Technology) according to the manufactur-
er’s protocol. A DNA Cleanup Kit (Beyotime, China) was
used to purify DNA precipitated by the ChIP Assay Kit.
The ChIP-specific primers used for qRT-PCR are listed
in Table S2.

Dendritic cell-derived exosome (dex) generation

Dendritic cells were generated from C57BL/6 mice by
culturing bone marrow cells at 1x10° cells/ml in RPMI
1640 medium supplemented with 10% exosome-depleted
FBS, GM-CSF (20 ng/ml) and IL-4 (20 ng/ml) [37]. Four
days later, cells were transfected with the GNSTM-
ANG-Lamp2B-HA plasmid. The cell culture medium
was replaced with fresh culture medium on day 6. Two
days later, the culture medium was collected for exosome
isolation.

Exosome loading

miR-21 inhibitors were loaded into ANG-modified
mouse Dex by electroporation using a single 4 mm
cuvette and a Lonza Nucleofector 2B system as we previ-
ously described [36].

Statistical analysis

GraphPad software 9 was used to analyze the data. Stu-
dent’s t test was used to analyze comparisons between
two groups. One-way ANOVA was used to analyze
comparisons between multiple groups. Survival curves
were generated using the Kaplan-Meier method and
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compared using the log-rank test. All data are presented
as the mean=*standard deviation. The significance of dif-
ferences between different groups is marked in the fig-
ures (*P<0.05, **P<0.01, and ***P <0.001).

Results

GA-MSCs promote glioma progression by inducing CD73
expression on MDSCs

To clarify the role of MSCs in glioma progression, we
classified glioma patients in The Cancer Genome Atlas
(TCGA) into MSC-high and MSC-low groups based
on coexpression of the MSC markers CD73, CD90 and
CD105 (accessed via http://gepia2.cancer-pku.cn/).
Patients in the MSC-high group exhibited significantly
shorter overall survival (Fig. 1A). To investigate the func-
tion of GA-MSCs in vivo, mouse bone marrow MSCs
(BM-MSCs) or GA-MSCs (induced with conditioned
medium (CM) from the mouse glioma cell line GL261)
were coimplanted with GL261 cells into C57BL/6 mice in
situ. The control group consisted of mice implanted with
GL261 cells alone. We found that BM-MSCs promoted
the growth of glioma and reduced the survival time of
mice and that GA-MSCs had a stronger glioma-promot-
ing effect than BM-MSCs (Fig. 1B, C).

To study the mechanism of the GA-MSCs-mediated
glioma-promoting effect, CM from BM-MSCs or GA-
MSCs was used to treat GL261 cells, and we found that
both BM-MSCs CM and GA-MSCs CM promoted
GL261 cell proliferation (Fig. S1A), indicating that the
poor prognosis caused by MSCs might be due to promo-
tion of glioma cell proliferation. However, there was no
significant difference between BM-MSC CM and GA-
MSC CM in promoting GL261 cell proliferation (Fig.
S1A). Considering that GA-MSCs promoted glioma
progression more significantly than BM-MSCs (Fig. 1B-
C), there must be another mechanism responsible for
the poor prognosis caused by GA-MSCs. BM-MSC CM
and GA-MSC CM were further used to stimulate CD8*
T cells and bone marrow cells. No significant difference
was observed in the inhibition of CD8" T-cell prolif-
eration between BM-MSC CM and GA-MSC CM (Fig.
S1B), though CM from GA-MSCs had a stronger ability
to induce the differentiation of CD11b*Gr-17 MDSCs
(Fig. 1D), implying that GA-MSCs might promote glioma
progression by inducing MDSCs and promoting the for-
mation of an immunosuppressive microenvironment. By
performing qRT-PCR, we found that both BM-MSC CM
and GA-MSC CM promoted Arg-1 and iNOS expres-
sion in MDSCs, but there was no significant difference
between them (Fig. S1IC). MDSCs have been reported to
suppress T-cell function by expressing CD73 [38], a cell-
surface marker of MSCs, which led us to test whether
GA-MSCs could strengthen the suppressive function of
MDSCs against T cells by inducing CD73 expression.
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We found that GA-MSCs had a stronger ability to induce
CD73 expression on CD11b*Gr-17 MDSCs than BM-
MSC:s (Fig. 1E).

To validate the MDSC induction ability of GA-MSCs
in vivo, mouse BM-MSCs or GA-MSCs were coim-
planted with GL261 cells into C57BL/6 mice in situ.
We found that GA-MSCs promoted the infiltration of
CD11b*Gr-1* MDSCs in glioma (Fig. 1F), and CD73
expression on MDSCs was higher in the GA-MSC group
than in the BM-MSC group and control group (Fig. 1G).
Furthermore, MDSCs derived from the GA-MSC group
had the strongest ability to suppress T-cell proliferation,
and the T-cell-suppressive function of MDSCs could be
inhibited by a CD73 inhibitor (M8386, Sigma-Aldrich)
(Fig. S1D), indicating that GA-MSCs promoted the

formation of an immunosuppressive microenvironment
in glioma by upregulating CD73 expression on MDSCs.

GA-MSC-derived exosomes increase CD73 expression on
MDSCs

Exosomes play an important role in cell-cell commu-
nication and the formation of the immunosuppressive
glioma microenvironment [39]. To investigate whether
GA-MSCs promote CD73 expression on MDSCs through
exosomes, mouse GA-MSC-derived CM was depleted of
exosomes by ultracentrifugation and used to stimulate
mouse bone marrow cells. We found that depleting exo-
somes inhibited the MDSC induction ability of GA-MSC
CM (Fig. 2A, B). Furthermore, we stimulated mouse bone
marrow cells with exosomes derived from mouse BM-
MSCs or GA-MSCs and found that the GA-MSC-derived
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exosomes had a stronger ability to increase CD73 expres-
sion on MDSCs (Fig. 2C, D). To validate the MDSC
induction function of exosomes in vivo, mice were
injected with BM-MSCs- or GA-MSCs-derived exo-
somes via the tail vein. We found that GA-MSCs-derived
exosomes induced the highest level of CD73 expression
on splenic MDSCs (Fig. 2E, F). Splenic MDSCs induced
by GA-MSCs-derived exosomes also showed the stron-
gest T-cell-suppressive ability, which could be inhibited
by a CD73 inhibitor (Fig. S2A). These results indicated
that mouse GA-MSCs increased CD73 expression on
MDSCs through exosomes both in vitro and in vivo.

In addition, exosomes were isolated from the CM of
human BM-MSCs and GA-MSCs (induced with CM
from the human glioma cell line U87MG or LN229) and
used to stimulate human PBMCs. BM-MSCs-derived
exosomes significantly promoted the differentiation of
CD33*HLA-DR™ MDSCs, and GA-MSCs-derived exo-
somes exhibited a stronger MDSCs induction capacity
than BM-MSCs-derived exosomes (Fig. 2G). We also
measured CD73 expression on PBMCs-derived MDSCs
and found that GA-MSC-derived exosomes induced
the most significant upregulation of CD73 expression
(Fig. 2H). GA-MSCs-derived exosome-induced MDSCs
also had the strongest ability to suppress T-cell prolif-
eration, and the CD73 inhibitor impaired the T-cell-sup-
pressive ability of GA-MSC-derived exosome-induced
MDSC:s (Fig. 2I). These findings suggest that human GA-
MSCs could also increase CD73 expression on MDSCs
through exosomes.

GA-MSCs-derived exosomal miR-21 promoted CD73
expression through the PTEN/PI3K/AKT/HIF-1a pathway
To investigate whether the upregulation of CD73 on
MDSCs induced by GA-MSC-derived exosomes was
caused by direct transfer of the CD73 protein, we mea-
sured CD73 protein expression in exosomes derived
from human and mouse BM-MSCs and GA-MSCs. There
was no significant upregulation of CD73 in GA-MSC-
derived exosomes compared to BM-MSC-derived exo-
somes (Fig. 3A, Fig. S3A), indicating that the stronger
CD73 induction ability of GA-MSCs-derived exosomes
was not a result of direct transfer of the CD73 protein.
To further confirm that exosomal miRNA is responsible
for the upregulation of CD73, we knocked down DICER
expression in GA-MSCs. Reportedly, Dicer is required
for the maturation of miRNA, and inhibiting Dicer dra-
matically reduces miRNA expression in exosomes [40].
We found that DICER knockdown impaired the CD73
induction ability of both human and mouse GA-MSCs-
derived exosomes (Fig. 3B, C; Fig. S3B, C), indicating that
GA-MSCs-derived exosomes induce CD73 expression on
MDSCs in an miRNA-dependent manner.
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To identify the exosomal miRNAs responsible for
CD73 upregulation, we performed miRNA sequenc-
ing of exosomes derived from human bone marrow
MSCs (hu-BM-MSCs) and hu-GA-MSCs (induced with
CM from U87MG cells) (SRA no. PRJNA814416). The
top 10 most highly expressed miRNAs accounted for
>70% of the total miRNAs in hu-GA-MSCs-derived
exosomes (Fig. 3D). Among the top 10 miRNAs highly
expressed in GA-MSCs-derived exosomes, six were
upregulated compared to BM-MSCs-derived exosomes
(Fig. 3E). We transfected these upregulated miRNAs into
CD33*HLA-DR™ MDSCs derived from glioma patients
and measured CD73 expression. qRT-PCR assays
revealed that only miR-21 significantly upregulated CD73
expression (Fig. 3F). miR-21 was also the most abun-
dant miRNA in the exosomes derived from GA-MSCs,
accounting for 35% of the total miRNA content (Fig. 3D).
qRT-PCR confirmed that miR-21 was upregulated in
both human and mouse GA-MSCs-derived exosomes
compared with BM-MSC-derived exosomes (Fig. S3D).
To further validate the function of miR-21, we trans-
fected human PBMCs or mouse bone marrow cells with
miR-21 inhibitor and stimulated them with human or
mouse GA-MSC-derived exosomes, respectively. The
miR-21 inhibitor impaired GA-MSCs-derived exosome-
induced MDSC differentiation, CD73 expression, and
immunosuppressive function (Fig. 3G-I; Fig. S3E, F).

Previously, we reported that miR-21 promoted the dif-
ferentiation and activation of mouse MDSCs by target-
ing PTEN [35], but whether miR-21 could promote the
differentiation of human MDSCs and increase CD73
expression on MDSCs remained unknown. We found
that overexpression of PTEN reversed the MDSC dif-
ferentiation-inducing and CD73-upregulating effects
of miR-21 on human MDSCs (Fig. 3], K). Similar phe-
nomena were observed for mouse MDSCs (Fig. S3G,
H). HIF-1a is the most important transcription factor
regulating CD73 expression in the tumor microenviron-
ment [38, 41]. Our previous study demonstrated that
miR-21 could promote the differentiation and activation
of MDSCs by activating the PTEN/PI3K/AKT pathway
[35], and several studies have reported that the PI3K/
AKT pathway can regulate the transcription and protein
stability of HIF-1« [42, 43], so we speculated that miR-21
can regulate the expression of CD73 through the PTEN/
PI3K/AKT/HIF-1a pathway. We found that PTEN over-
expression blocked the upregulation of CD73 and HIF-1«
in miR-21-overexpressing MDSCs (Fig. 3L). Moreover, a
PI3K inhibitor (LY294002, Beyotime) and HIF-1a inhibi-
tor (2-ME2, MedChemExpress) also inhibited the expres-
sion of CD73 in miR-21-overexpressing MDSCs (Fig. 3L),
demonstrating that miR-21 promoted CD73 expression
through the PTEN/PI3K/AKT/HIF-1a pathway.
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Fig. 3 Human GA-MSCs-derived exosomal miR-21 upregulated CD73 expression on MDSCs through the PTEN/PI3K/AKT/HIF-1a pathway

(A) CD73 expression in hu-BM-MSCs-EXOs (exosomes derived from human BM-MSCs) and hu-GA-MSCs-EXOs (exosomes derived from human GA-MSCs)
was measured using western blotting. PBMC-derived exosomes were used as a negative control. Quantification of the fold change in the CD73/B-actin
ratio (normalized to hu-BM-MSCs-EXOs) is shown. (B, C) Exosomes derived from human GA-MSCs with or without DICER knockdown were used to
stimulate human PBMCs. The percentage of CD33*HLA-DR™ MDSCs and the expression of CD73 on MDSCs were measured by flow cytometry. (D) Distri-
bution of the top 10 most highly expressed miRNAs in human GA-MSCs-derived exosomes. (E) The ratio of GA-MSCs-derived exosome intensity versus
BM-MSCs-derived exosome intensity is presented for the top 10 most highly expressed miRNAs. (F) The upregulated miRNAs in the top 10 most highly
expressed miRNAs were transfected into glioma patient-derived CD33"HLA-DR™ MDSCs. The expression of CD73 was measured using qRT-PCR. (G, H)
PBMCs were stimulated with human GA-MSCs-derived exosomes and transfected with miR-21 inhibitor. The percentage of CD33*HLA-DR™ MDSCs and
the expression of CD73 on MDSCs were measured by flow cytometry. (I) MDSCs obtained by stimulating CD33* cells with GA-MSCs-derived exosomes
were transfected with miR-21 inhibitor. CD33-depleted PBMCs were labeled with CFSE and cocultured with MDSCs for 72 h. CD8* T-cell proliferation
was measured by flow cytometry (J, K). The percentage of MDSCs and CD73 expression on MDSCs induced by miR-NC or miR-21 mimics and nonsense
sequence or PTEN overexpression plasmids were measured using flow cytometry. (L) The expression of HIF-1a, CD73, p-AKT and PTEN was measured
in miR-21-overexpressing MDSCs transfected with PTEN overexpression plasmid or treated with a PI3K inhibitor (LY294002) or HIF-1a inhibitor (2-ME2).
Quantification of the fold change in the HIF-1a/B-actin, CD73/B-actin, p-AKT/B-actin and PTEN/[-actin ratios (normalized to Ctrl) are shown. The data are
presented as the mean +SD; *p < 0.05, **p <0.01, and ***p <0.001
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In our previous study, we found that glioma cells also
promoted the immunosuppressive function of MDSCs
through exosomal miR-21 [35]. Our miRNA sequenc-
ing results showed that the content of miR-21 in glioma
exosomes accounted for only 7% of the total miRNA con-
tent (Fig. S3I), while the content of miR-21 in GA-MSCs
exosomes accounted for 35% of the total miRNA content
(Fig. 3D). We further compared the expression of miR-
21 in exosomes derived from human and mouse glioma
cells and GA-MSCs, using the nematode miRNA cel-
miR-39 as an external reference, and found that miR-21
expression in both human and mouse GA-MSC-derived
exosomes was significantly higher than that in glioma-
derived exosomes (Fig. S3]), indicating the important role
of GA-MSCs in mediating the formation of the exosomal
miR-21-induced immunosuppressive microenvironment.

Upregulation of the transcription factor XBP1s induced

by glioma exosomal CD44 promoted miR-21 expression in
GA-MSCs

To investigate the underlying mechanism of exosomal
miR-21 upregulation in GA-MSCs, we performed
miRNA sequencing (SRA no. PRJNA814429) and tran-
scriptome sequencing (SRA no. PRINA816564) of human
GA-MSCs and BM-MSCs and found that miR-21 expres-
sion was significantly increased in GA-MSCs compared
to BM-MSCs (Fig. 4A), indicating that the elevated exo-
somal miR-21 expression was caused by the upregulation
of cellular miR-21. qRT-PCR results also confirmed that
the expression of miR-21 and pri-miR-21 were higher in
GA-MSCs than in BM-MSCs (Fig. S4A), indicating that
the transcription of miR-21 was increased in GA-MSCs.
The increased miRNA transcription could be caused by
the upregulation of transcription factors and downregu-
lation of DNA methylation in the promoter region. We
next aimed to identify whether there was a key tran-
scription factor responsible for upregulating miR-21.
The upregulated genes in GA-MSCs were filtered by
overlapping them with predicted miR-21 transcription
factors (determined with the TransmiR and mirTrans
databases). TP53, XBP1, and EGR1 were identified as
potential transcription factors of miR-21 (Fig. 4B). We
further validated their functions by knocking down these
3 genes in human BM-MSCs. XBPI knockdown reduced
the expression of miR-21 and pri-miR-21 in BM-MSCs
(Fig. 4C, Fig. S4B) as well as that of miR-21 in exosomes
(Fig. 4D), indicating that XBP1 might be a transcription
factor regulating miR-21.

XBP1 is an endoplasmic reticulum (ER) stress response
factor. During ER stress, IREla cleaves the XBP1 mRNA
transcript into a spliced form that encodes the active
transcription factor XBPls [44]. Our transcriptome
variable shear analysis showed that the XBP1s level was
increased significantly in GA-MSCs (Fig. 4E), which
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was confirmed by western blotting (Fig. 4F). To further
investigate whether XBP1s is the transcription factor that
regulates miR-21, the XBP1 binding site in the promoter
of miR-21 was predicted using the JASPAR database and
validated using a ChIP assay. A high binding affinity for
XBP1s to the miR-21 promoter region was observed
(Fig. 4G). Next, wild-type and mutant-type (predicted
binding site deletion) luciferase reporters containing the
miR-21 promoter were engineered and transfected into
XBP1 knockdown BM-MSCs. XBPI knockdown reduced
the luciferase activity of the wild-type promoter but had
no effect on the mutant-type promoter, further demon-
strating that XBP1s promotes miR-21 transcription by
binding to the predicted binding site in the miR-21 pro-
moter (Fig. 4H).

We next sought to determine the underlying mecha-
nism of XBP1s upregulation in GA-MSCs and whether
glioma exosomes play a regulatory role in this pro-
cess. We found that glioma-derived exosomes (GDEs)
increased XBP1s expression in human BM-MSCs and
that exosomes isolated from DICER knockdown gli-
oma (GDEs-DICER-KD) still increased XBP1s expres-
sion in BM-MSCs, suggesting that glioma exosomes can
upregulate XBP1s expression in human BM-MSCs in an
miRNA-independent manner (Fig. S4C).

We treated BM-MSCs with exosomes derived from
UB7MG cells or human BM-MSCs and found that the
UB7MG-derived exosomes promoted the upregulation
of XBP1s, while the BM-MSCs-derived exosomes did not
(Fig. S4D), implying that some factors highly expressed in
the U87MG-derived exosomes but expressed at low lev-
els in the BM-MSC-derived exosomes might be respon-
sible for XBP1s upregulation. We analyzed the exosomal
protein profile data of U87MG and BM-MSCs [45] and
screened for proteins that were highly expressed in
U87MG cell-derived exosomes but hardly expressed in
BM-MSC-derived exosomes (Fig. S4E). XBP1s is upreg-
ulated during ER stress and unfolded protein response
(UPR) activation [46]. By analyzing our transcriptome
sequencing data using gene set enrichment analysis
(GSEA), we found that GA-MSCs were more positively
correlated with ER stress and UPR activation than BM-
MSCs (Fig. S4F). Among the highly expressed proteins
screened in Figure S4E, CD44 was positively correlated
with ER stress and UPR activation (Fig. S4G), and the
expression of XBP1 was positively correlated with CD44
expression in glioma data from TCGA (Fig. S4H), indi-
cating that glioma exosomal CD44 might be responsible
for ER stress and XBP1s upregulation in MSCs. West-
ern blot results confirmed that the CD44 expression in
U87MG-derived exosomes was significantly higher than
that in BM-MSCs-derived exosomes (Fig. S41). In addi-
tion, we found the CD44 expression in US7MG was
higher than that in BM-MSC and normal human brain
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Fig. 4 Upregulation of the transcription factor XBP1s in GA-MSCs promoted miR-21 expression

(A) miR-21 expression in human BM-MSCs and GA-MSCs was measured using miRNA sequencing. (B) The upregulated genes in GA-MSCs were filtered
by overlapping them with predicted miR-21 transcription factors (determined with the transmiR and mirTrans databases). (C) The expression of miR-21
was measured in human BM-MSCs with TP53, XBP1, or EGR1 knockdown. (D) miR-21 expression was measured in control and XBP1 knockdown human
BM-MSCs-derived exosomes. (E) Transcriptome variable shear analysis showed the expression of XBP1s in human BM-MSCs and GA-MSCs. (F) XBP1s
expression in human BM-MSCs and GA-MSCs was measured using western blotting. Quantification of the fold change in the XBP1s/B-actin ratio (normal-
ized to BM-MSCs) is shown. (G) The XBP1 binding site in the miR-21 promoter region was predicted using Jaspar, and ChlIP-qPCR was used to confirm
the binding in BM-MSCs. (H) The luciferase activity of the wild-type and mutant-type plasmids in human BM-MSCs transfected with si-NC or si-XBP1 was
measured. The data are presented as the mean +SD; *p <0.05, **p < 0.01, and ***p <0.001

tissues (Fig. S4J). Recombinant CD44 protein treatment
significantly increased XBP1s expression in BM-MSCs
(Fig. S4K), and promoted the expression of miR-21 and
pri-miR-21 in human BM-MSCs, as well as that of miR-
21 in BM-MSC-derived exosomes (Fig. S4L, M). In addi-
tion, knocking down CD44 in glioma exosomes impaired
the ability of glioma exosomes to induce XBP1s and miR-
21 expression in BM-MSCs (Fig. S4N), indicating that
glioma exosomal CD44 promoted XBP1s expression and
upregulated cellular and exosomal miR-21 expression in
MSCs.

The miR-21/SP1/DNMT1 positive feedback loop in MSCs
promoted miR-21 transcription

In addition to upregulation of transcription factors,
altered DNA methylation in the promoter region also
leads to upregulation of miRNA expression [47]. Our
transcriptome sequencing and western blot results
showed that the expression of DNMT1 was reduced in
human GA-MSCs compared to BM-MSCs (Fig. 5A, B),
and we found that DNMT1 knockdown increased miR-
21 expression in both human BM-MSCs and exosomes
(Fig. 5C, D), indicating that the reduced DNA meth-
ylation level was responsible for the upregulated miR-
21 expression. Similar results were observed for mouse
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Fig.5 The miR-21/SP1/DNMT1 positive feedback loop in MSCs promoted miR-21 expression

(A)DNMTT expression in human BM-MSCs and GA-MSCs was measured using mRNA sequencing. (B) DNMT1 expression in human BM-MSCs and GA-
MSCs was measured using western blotting. Quantification of the fold change in the DNMT1/B3-actin ratio (normalized to BM-MSCs) is shown. (C) miR-21
expression was measured in control and DNMTT knockdown human BM-MSCs. (D) miR-21 expression was measured in control and DNMTT1 knockdown
human BM-MSCs-derived exosomes. (E) miR-21 expression was measured in BM-MSCs treated with the DNA methylation inhibitor 5-aza-2'-deoxycyti-
dine. (F) MSP analysis was performed to examine the methylation status of CpG islands in the promoter region of miR-21 in BM-MSCs and GA-MSCs. (G)
DNMT1 expression in human BM-MSCs transfected with miR-21 mimics was measured using western blotting. Quantification of the fold change in the
DNMT1/B-actin ratio (normalized to NC) is shown. (H) BM-MSCs were cotransfected with miR-21 and a luciferase reporter containing the 3'UTR of DNMTT.
The luciferase activity was measured. (I) The downregulated genes in GA-MSCs were filtered by overlapping them with predicted miR-21 targets (deter-
mined with starBase) and predicted DNMT1 transcription factors (determined with the PROMO database). (J) DNMT1 expression was measured in control
and SPT knockdown human BM-MSCs. Quantification of the fold change in the DNMT1/B-actin ratio (normalized to NC) is shown. (K) SP1 expression was
measured in control and miR-21-overexpressing human BM-MSCs. Quantification of the fold change in the SP1/B-actin ratio (normalized to miR-NC) is
shown. (L) Construction of wild-type (WT) and mutant-type (MUT) luciferase reporter vectors based on the predicted binding site of miR-21 in SP1.(M)
The expression of DNMT1 in MSCs transfected with miR-NC or miR-21 mimics and nonsense sequence or SP1 overexpression plasmids was measured
using western blotting. The data are presented as the mean+SD; *p < 0.05, **p < 0.01, ***p < 0.001
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MSCs (Fig. S5A-C). The Gene Expression Omnibus
(GEO) datasets GSE124879 and GSE109273 were ana-
lyzed to further confirm that reduced DNA methylation
was associated with increased miR-21 expression (Fig.
S5D). In addition, we found that the DNA methylation
inhibitor 5-aza-2’-deoxycytidine upregulated cellular
miR-21 expression in human BM-MSCs (Fig. 5E). To
further demonstrate the effect of DNA methylation on
miR-21 expression, we used MethPrimer (http://www.
urogene.org/cgi-bin/methprimer/methprimer.cgi) to
predict CpG islands in the promoter region of miR-21
(Fig. S5E). A specific primer set was designed to detect
changes in the DNA methylation levels of CpG islands in
BM-MSCs and GA-MSCs. The DNA methylation levels
in the miR-21 promoter region were decreased in GA-
MSCs compared to BM-MSCs (Fig. 5F).

Interestingly, it has been reported that miR-21 can
downregulate DNMT1 expression, although the under-
lying mechanism is unclear [48]. Western blot results
confirmed that miR-21 overexpression downregulated
DNMT1 expression in human BM-MSCs (Fig. 5G). Con-
sidering that no binding site for miR-21 was predicted in
the human DNMTI1 3'UTR (determined with starBase)
and that a dual-luciferase reporter assay demonstrated
that miR-21 did not directly target the 3'UTR of DNMT1
(Fig. 5H), we speculated that miR-21 suppressed DNMT1
expression indirectly by inhibiting a transcription factor
of DNMT1. To explore the underlying mechanism, the
downregulated genes in GA-MSCs were filtered by over-
lapping them with predicted miR-21 targets (determined
with starBase) and predicted DNMT1 transcription fac-
tors (determined with the PROMO database). Three
candidates were identified as potential transcription fac-
tors of DNMT1 and potential targets of miR-21 (Fig. 5I),
and SP1 has been reported to be a transcription factor of
DNMT1 [49, 50]. We found that SP1 knockdown reduced
DNMT1 expression in human BM-MSCs (Fig. 5]) and
that SP1 expression in BM-MSCs was downregulated
after miR-21 overexpression (Fig. 5K), indicating that
miR-21 might suppress DNMT1 expression by target-
ing SP1. To test whether miR-21 targets SP1 directly,
3UTR seed sequence mutations and 3’'UTR luciferase
assays were conducted. SPI luciferase activity in miR-
21-transfected BM-MSCs was decreased (Fig. 5L), indi-
cating that SPI is a direct target of miR-21. In addition,
SP1 overexpression reversed the inhibitory effect of miR-
21 on DNMT1 (Fig. 5M), indicating that miR-21 indi-
rectly regulated DNMT1 expression by targeting SP1 in
human BM-MSCs. Moreover, we found that miR-21 also
inhibited DNMT1 expression in mouse BM-MSCs (Fig.
S5F), although the underlying mechanism was different
from that in human BM-MSCs. Mouse miR-21 inhibited
DNMT1 expression by targeting the 3'UTR of DNMT1
directly (Fig. S5G).
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Overall, we found that upregulated miR-21 suppressed
DNMT1 expression indirectly by inhibiting SP1 in
human BM-MSCs, which resulted in a decreased DNA
methylation level and increased miR-21 production, con-
tributing to the formation of an miR-21/SP1/DNMT1
positive feedback loop. In addition, upregulated miR-21
decreased the DNA methylation level in mouse BM-
MSCs by targeting DNMT1 directly, leading to further
upregulation of miR-21.

Modified exosomes loaded with miR-21 inhibitors
improved PD-1 blockade therapy

Having demonstrated the important role of miR-21
in mediating the formation of an immunosuppressive
glioma microenvironment through the formation of a
miR-21/SP1/DNMT1 positive feedback loop in MSCs
and promotion of CD73 expression on MDSCs, we
sought to determine whether targeting miR-21 could
prevent glioma progression. In recent years, a modified
exosome-based drug delivery system was designed for
treating gliomas, and satisfactory results were obtained
[51, 52]. Low-density lipoprotein receptor protein 1
(LRP1) is highly expressed on brain capillary endothe-
lial and glioma cells, and angiopep-2 (ANG) is a type
of peptide with a high affinity for LRP1. We and other
researchers have reported that ANG peptide-modified
engineered exosomes can cross the blood-brain bar-
rier and target the glioma microenvironment [36].
To produce glioma microenvironment-targeting and
miR-21-inhibitor-carrying exosomes, we designed a
modified exosome production process (Fig. 6A). The
GNSTM-ANG-Lamp2b-HA plasmid was constructed
and transfected into mouse dendritic cells (DC). A gly-
cosylation sequence (GNSTM) was used to stabilize the
ANG peptide. The targeting peptide ANG was fused
to the N-terminus of the Lamp2b protein, an exosomal
membrane protein. An HA-tag was added to the C-ter-
minus of ANG-Lamp2b for detection by western blot-
ting to verify successful transfection. The expression of
HA-tag was detected in DC and DC-derived exosomes
(Dex) (Fig. 6B). To validate whether modified Dex could
be internalized by MSCs infiltrating in glioma, PKH26-
labeled Dex were injected intravenously into C57BL/6
mice coimplanted in situ with GL261 cells and GFP-
tagged MSCs. The internalization of exosomes by GA-
MSCs was observed (Fig. 6C).

Next, miR-21 inhibitor was loaded into the modified
exosomes by electroporation. We found that the exosome
markers Flotillin-1, TSG101 and CD9 were detected
in the Dex loaded with miR-21 inhibitor, and the nega-
tive marker Calnexin was absent (Fig. S6A). There was
no difference in morphology or diameter between the
Dex and Dex loaded with miR-21 inhibitor (Fig. S6B,
C). The expression of the miR-21 inhibitor in Dex was
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Fig. 6 Modified exosomes loaded with miR-21 inhibitor improved PD-1 blockade therapy

(A) Schematic diagram of DNA plasmid construction and the process used to produce modified exosomes loaded with miR-21 inhibitor. (B) DC were
transfected with the GNSTM-ANG-Lamp2b-HA plasmid, and the expression of HA in DC and DC-derived exosomes (Dex) was measured by western blot-
ting. (C) ANG-modified Dex was labeled with PKH26 (red) and injected intravenously into mice implanted with GL261 and GFP-labeled MSCs (green) in
situ. The uptake of Dex by MSCs was observed using a fluorescence microscope. Scale bar =50 um. (D) Relative expression of miR-21 inhibitor in Dex
without electroporation, with electroporation, without electroporation and with RNase treatment, or with electroporation and RNase A treatment. (E)
Cy3-labeled miR-21 inhibitor (red) were loaded into PKH67-labeled ANG-modified Dex (green) by electroporation and used to treat GA-MSCs. Confocal
microscopy showed the uptake of Dex by MSCs. Scale bar =20 pum. (F, G) ANG-modified Dex containing miR-21 inhibitor were injected intravenously into
GL261-bearing mice. The percentage of Gr-1"CD11b* MDSCs and the expression of CD73 on MDSCs infiltrating in glioma tissues in mice were measured
by flow cytometry. (H) Glioma-infiltrating MDSCs were cocultured with CFSE-labeled splenocytes from normal C57BL/6 mice, and CD8* T-cell prolifera-
tion was measured using flow cytometry. (1) Schematic diagram of the schedule for glioma implantation and drug treatment. ANG-modified Dex (30 pug/
mouse/time) containing miR-21 inhibitor were injected intravenously three times a week for 2 weeks. Anti-PD-1 antibodies were intraperitoneally in-
jected into the mice (250 pug/mouse/time) on days 7, 10, 13, 16 and 19 after glioma implantation. (J) Tumor volume was evaluated using bioluminescence
imaging, and the luminescence quantification is shown. (K) The survival curves of glioma-bearing mice are shown. Statistical significance was determined
by the log-rank test. (L) Proposed working model of the miR-21/SP1/DNMT1 positive feedback loop in GA-MSCs induced by glioma exosomal CD44. The
data are presented as the mean+SD; *p <0.05, **p <0.01, ***p < 0.001
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significantly increased after electroporation (Fig. 6D).
Treatment of electroporated Dex with RNase led to a
degradation of about 60% miR-21 inhibitor, relative to
untreated Dex, whereas, the same amount of miR-21
inhibitor in an unelectroporated mixture with Dex was
completely degraded (Fig. 6D). This data suggests that
approximately 40% of the miR-21 inhibitor were loaded
into Dex by electroporation and protected from the
RNase. Furthermore, Cy3-tagged miR-21 inhibitor were
electroporated into PKH67-labeled modified Dex, and
the internalization of the miR-21 inhibitor-Dex complex
by GA-MSCs was observed using confocal microscopy
(Fig. 6E). We also found that Dex loaded with miR-21-5p
inhibitor increased DNMT1 expression in GA-MSCs
(Fig. S6D), further validating the loading of miR-21 inhib-
itor in Dex. To evaluate the therapeutic effect, the miR-
21 inhibitor-Dex complex was injected intravenously into
C57BL/6 mice implanted in situ with GL261 cells, and we
found that the percentage of MDSCs, CD73 expression
on MDSCs and T-cell-suppressing function of MDSCs
infiltrating in glioma were reduced (Fig. 6F-H).
Reportedly, CD73 is a combination therapy target that
can improve the anti-GBM immune responses induced
by anti-PD-1 immunotherapy [53], and our results
demonstrated that the miR-21 inhibitor-Dex complex
could inhibit CD73 expression on MDSCs in the gli-
oma microenvironment. Therefore, we next examined
whether the combination of the miR-21 inhibitor-Dex
complex with anti-PD-1 mAb could confer superior
antiglioma activity. miR-21 inhibitor-Dex and anti-PD-1
mAb were used to treat C57BL/6 mice implanted in situ
with GL261 (Fig. 6I). We found that the combination of
the anti-PD-1 mAb with the miR-21 inhibitor-Dex com-
plex produced the strongest tumor inhibition effect of
the treatments (Fig. 6]). In addition, compared to treat-
ment with either the miR-21 inhibitor-Dex complex or
anti-PD-1 mAb alone, combination therapy extended
survival (Fig. 6K). Moreover, we found that miR-21
inhibitor-Dex complex treatment increased DNMT1
expression in CD45 Ter-119~ PDGFR-a*Sca-1" mouse
MSCs [54-56] infiltrating in glioma (Fig. S7A, B), indi-
cating that the miR-21 inhibitor disrupted the miR-21/
DNMT1 positive feedback loop in MSCs. We also found
that CD73 expression on MDSCs infiltrating in glioma
tissue was decreased after miR-21 inhibitor-Dex treat-
ment (Fig. S7C, D). Furthermore, we found the percent-
age of CD8'IFN-y" cells was increased after miR-21
inhibitor-Dex treatment, and the combination of the
anti-PD-1 mAb with the miR-21 inhibitor-Dex complex
induced the most significant increase of CD8*IFN-y*
cells (Fig. S7E), indicating that the miR-21 inhibitor-Dex
complex enhanced the effects of PD-1 blockade immuno-
therapy. In conclusion, our results indicated that modi-
fied Dex loaded with miR-21-5p inhibitor improved PD-1
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blockade therapy by disrupting the positive feedback
loop in GA-MSCs.

Discussion

The existence of an immunosuppressive microenvi-
ronment is a well-recognized feature of glioma and
drives immunotherapy resistance [53]. The formation
of an immunosuppressive microenvironment in glioma
depends on communication among glioma cells, immune
cells and stromal cells [57]. Cytokines, cell-surface recep-
tors and exosomes are involved in this communication
to transmit immunosuppressive signals [58]. In our pre-
vious studies, we reported that exosomal immunosup-
pressive signals from glioma could directly regulate the
functions of immune cells, including MDSCs and tumor-
associated macrophages, to promote immunosuppres-
sion [12, 28, 29]. Here, we found that glioma-derived
exosomal immunosuppressive signals promoted the for-
mation of an immunosuppressive microenvironment by
modifying the function of MSCs and regulating the func-
tion of MDSC:s indirectly.

MSCs are important components of the tumor micro-
environment and contribute to the formation of an
immunosuppressive microenvironment by regulating
the functions of multiple immune cells [59]. The per-
centage of MSCs infiltrating glioma tissues is negatively
correlated with glioma prognosis [11]. Reportedly, GA-
MSCs promote the growth of glioma stem cells through
exosomal miR-1587 [60], but there is no research on
the immunoregulatory effect of GA-MSCs in glioma. In
this study, we found that GA-MSCs upregulated CD73
expression on MDSCs via exosomal miR-21 through the
PTEN/PI3K/AKT/HIF-1a pathway, promoting the for-
mation of an immunosuppressive microenvironment and
the progression of glioma.

Considering their strong tropism toward glioma, low
immunogenicity and easy accessibility, MSCs have been
developed as vehicles for the targeted delivery of drugs
to glioma in recent years [61]. Reportedly, MSCs loaded
with paclitaxel [62], miRNA [63, 64], IL12/IL7 [65] or
oncolytic virus [66] can prolong the survival of glioma-
bearing mice. However, some studies have indicated that
MSCs educated by glioma promote glioma cell prolifera-
tion [67, 68]. Our study also proved that glioma-associ-
ated MSCs promoted glioma progression by promoting
the formation of an immunosuppressive microenviron-
ment, revealing the potential risk related to MSC-based
therapies for GBM. To reduce the risk, MSC-derived
exosomes [69] and nanoparticles coated with MSC mem-
brane [70] have been generated, which maintain the gli-
oma homing ability and avoid being reprogrammed by
glioma, thus being developed as potential strategies for
glioma-targeting drug delivery.
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Previously, we reported that glioma-derived exosomal
miR-21 promoted the immunosuppressive function of
MDSCs [35]. In this study, we found that MSC-derived
exosomal miR-21 also promoted the immunosuppres-
sive function of MDSCs and that the miR-21 level in
GA-MSCs-derived exosomes was more than six times
higher than that in glioma-derived exosomes (Fig. S3J).
Further studies were performed, and we found that
the enrichment of miR-21 in GA-MSCs exosomes was
caused by the miR-21/SP1/DNMT1 positive feedback
loop triggered by glioma exosomal CD44. This finding
indicated that GA-MSCs were an important part of the
immunosuppressive MDSCs pathway induced by glioma
exosomes, which could amplify the exosomal immuno-
suppressive signaling from glioma through a positive
feedback loop (Fig. 6L). The treatment strategy of target-
ing GA-MSCs has great potential to relieve the immuno-
suppression in glioma.

Reportedly, miR-21 can bind directly to DNMT1 and
inhibit its enzymatic activity [71]. The upregulation of
miR-21 in MSCs could inhibit the enzymatic activity of
DNMT1 on the one hand and downregulate the expres-
sion of DNMT1 by inhibiting SP1 on the other hand,
which together led to a decreased level of DNA meth-
ylation that further promoted the elevated expression of
miR-21.

miR-21 plays important roles in promoting tumor pro-
gression. Reportedly, miR-21 can promote the prolifera-
tion of glioma cells, enhance resistance to radiotherapy
and chemotherapy, promote M2 polarization of mac-
rophages, induce the differentiation and activation of
MDSCs, and inhibit T-cell activation [35, 72—74]. Target-
ing miR-21 can inhibit tumor progression. Considering
the presence of the blood-brain barrier, many drugs have
a limited ability to treat glioma, while exosome-loaded
drugs have been reported to be effective in the treat-
ment of glioma [75]. Exosomes exhibit high stability in
the peripheral blood and have a hydrophilic core that can
transport soluble drugs [76]. The low immunogenicity of
exosomes also makes it difficult for them to be cleared
by the immune system [77]. To achieve drug delivery to
the brain and break the positive feedback loop, Dex were
modified with ANG and loaded with miR-21 inhibitor.
We found that the modified Dex containing the miR-21
inhibitor could be internalized by GA-MSCs and pre-
vented the formation of an immunosuppressive microen-
vironment in glioma.

In recent years, Dex have attracted more attention
due to their immunoregulatory ability in cancer treat-
ment. Dex were found to possess MHC-1 and MHC-II
antigen-presenting molecules and CD86 costimulatory
molecules, which could potentially stimulate T cells
and inhibit tumor growth [78]. Dex-based phase I and
IT clinical trials have been conducted in several cancers,
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showing the feasibility and safety of the approach [79-
81]. However, the existence of an immunosuppressive
tumor microenvironment limits the effect of Dex [82].
We found that Dex loaded with miR-21 inhibitor pre-
vented the formation of an immunosuppressive micro-
environment by suppressing the function of MDSCs,
providing an option for improving the immunotherapeu-
tic effects of Dex. In addition, it has been reported that
Dex derived from tumor peptide-stimulated DC and
tumor-derived exosome-stimulated DC are more power-
ful in stimulating the antitumor immune response [83],
suggesting that Dex derived from DC stimulated with
glioma-derived exosomes could be a better choice to
carry miR-21 inhibitor and may exert stronger antiglioma
effects, though this needs to be further investigated.

Our results indicated that Dex loaded with a miR-21
inhibitor prolonged the survival of glioma-bearing mice
by disrupting the positive feedback loop in MSCs (Fig.
S7B); however, the improvement in therapeutic effect was
not very significant (Fig. 6K), although the infiltration of
MDSCs in glioma and CD73 expression on MDSCs were
significantly decreased after miR-21 inhibitor-Dex treat-
ment (Fig. S7C-D). Reportedly, PD-L1 is overexpressed in
glioma cells [84] and MDSCs [29] in the glioma micro-
environment, binding to PD-1 on the surface of activated
T cells and leading to an immunosuppressive effect,
which might have limited the immunotherapy efficacy
of the miR-21 inhibitor-Dex complex. Therefore, combi-
nation of the miR-21 inhibitor Dex with anti-PD-1 ther-
apy significantly improved the immunotherapy efficacy
and increased the percentage of CD8*IFN-y* cells (Fig.
S7E), leading to significantly prolonged survival in mouse
model (Fig. 6K).

Immune checkpoint therapy with anti-PD-1 has revo-
lutionized the treatment of many solid tumors. However,
in a phase III trial, anti-PD-1 therapy failed to increase
the survival of patients with GBM [85, 86]. The existence
of an immunosuppressive microenvironment limits the
efficacy of anti-PD-1 therapy. To improve antitumor
immune responses to anti-PD-1 in GBM, many clinical
studies have explored combining anti-PD-1 with other
immune checkpoint blockade agents, such as IDO1
inhibitors (ClinicalTrials.gov identifier: NCT03707457)
and anti-lymphocyte-activation gene 3 (LAG-3) mono-
clonal antibodies (NCT02658981). Reportedly, CD73
is a specific molecule that can be targeted to improve
the effect of anti-PD-1 therapy in glioma [25]. In addi-
tion, targeting MDSCs also improves the efficacy of
PD-1 blockade in GBM [87]. In our study, we found that
modified Dex containing miR-21 inhibitor could disrupt
the miR-21/SP1/DNMT1 positive feedback loop in GA-
MSCs, leading to a decrease in MDSCs infiltration and
CD73 expression on MDSCs, and synergizing with an
anti-PD-1 monoclonal antibody (mAb) to prolong the
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survival of glioma-bearing mice. Considering that phase
I and phase II clinical trials of Dex have been performed
in many cancer types [79, 81], the combination of Dex
with a clinically available treatment (anti-PD-1 therapy)
would allow for accelerated translation of these preclini-
cal results into early-phase human clinical trials.

Conclusion

In summary, we elucidated that GA-MSCs play a key
role in promoting the formation of an immunosuppres-
sive glioma microenvironment by amplifying glioma exo-
somal immunosuppressive signaling through the miR-21/
SP1/DNMT1 positive feedback loop. Targeting miR-21 in
GA-MSCs with modified Dex prevented the formation of
an immunosuppressive microenvironment and improved
the efficacy of PD-1 blockade therapy, therefore provid-
ing a promising strategy for improving immunotherapy
for GBM patients.
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MDSCs myeloid-derived suppressor cells
DC dendritic cells

GDEs glioma-derived exosomes

Dex Dendritic cell-derived exosomes
GBM Glioblastoma multiforme
DNMT1 DNA methyltransferase 1

MSP Methylation-specific PCR

ChiP Chromatin immunoprecipitation
ER endoplasmic reticulum

ANG Angiopep-2

(@Y Culture medium

EXO exosomes

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512951-023-01997-x.

[ Supplementary Material 1 ]

Acknowledgements
Not applicable.

Authors’ contributions

GL and HX supervised the project. WQ designed the research and performed
all experiments. CCW, QDG, BYL, YHQ and SBW completed the basic
experiment part. XH, HD, SLZ, ZWP and QJW cultured cell lines. XFG, RRZ, YF,
HX and ZJG helped to revise the manuscript. All authors read and approved
the final manuscript.

Funding

This work was supported by grants from the National Natural Science
Foundation of China (Nos. 81874083, 82072776, 82273195, 82072775,
82273286, 82203419), Natural Science Foundation of Shandong Province of
China(ZR2021LSW025), Jinan Science and Technology Bureau of Shandong
Province (2021GXRC029), Taishan Pandeng Scholar Program of Shandong
Province (No. tspd20210322), Natural Science Foundation of Shandong
Province of China (ZR2020QH174, ZR2022QH?243), Taishan Scholar Program
of Shandong Province (No. tsqn202211316), Fundamental Research Funds for
the Central Universities (No. 2022JC019), Science and Technology Innovation
Major Project, Ministry of Science and Technology of China (2021ZD0201600).

Page 17 of 19

Data Availability

The array data support the findings of this study have been deposited in the
NCBI Sequence Read Archive database under accession code PRINA814416,
PRINA814429 and PRINA816564. The remaining data are available within
the Article, Supplementary Information and available from the authors upon
request.

Declarations

Ethics approval and consent to participate

Ethical approval for this research was obtained from the Clinical Research
Ethics Committee of Qilu Hospital of Shandong University, and Animal Care
and Use Committee of the Qilu Hospital of Shandong University.

Consent for publication
All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Author details

'Department of Neurosurgery, Qilu Hospital, Cheeloo College of
Medicine and Institute of Brain and Brain-Inspired Science, Shandong
University, 107 Wenhua Western Road, Jinan, Shandong 250012, China
Shandong Key Laboratory of Brain Function Remodeling, Jinan,
Shandong, China

3Department of Neurology, Loma Linda University Health, Loma Linda,
CA 92350, USA

“Department of Neurosurgery, Qilu Hospital of Shandong University
(Qingdao), Qingdao, Shandong, China

Department of Neurosurgery, Jinan Children’s Hospital, Jinan, Shandong,
China

Department of Cell Biology, University of Connecticut School of
Medicine, Farmington, CT 06030, USA

Received: 21 March 2023 / Accepted: 11 July 2023
Published online: 22 July 2023

References

1. van Solinge TS, Nieland L, Chiocca EA, Broekman MLD. Advances in local
therapy for glioblastoma - taking the fight to the tumour. Nat Rev Neurol.
2022;18:221-36.

2. Tan A, Ashley D, Lépez G, Malinzak M, Friedman H. Khasraw MJCacjfc.
Management of glioblastoma: State of the art and future directions.
2020;70:299-312.

3. BrownT,Brennan M, Li M, Church E, Brandmeir N, Rakszawski K, Patel A,

Rizk E, Suki D, Sawaya R, Glantz MlJo. Association of the extent of Resec-
tion with Survival in Glioblastoma: a systematic review and Meta-analysis.
2016;2:1460-9.

4. HelJ,Xiong X,Yang H, Li D, Liu X, Li S, Liao S, Chen S, Wen X, Yu K et al. Defined
tumor antigen-specific T cells potentiate personalized TCR-T cell therapy and
prediction of immunotherapy response. 2022;32:530-42.

5. LekoV, Rosenberg SJCc. Identifying and targeting human tumor antigens for
T cell-based immunotherapy of solid tumors. 2020;38:454-72.

6. Asrir A Tardiveau C, Coudert J, Laffont R, Blanchard L, Bellard E, Veerman K,
Bettini S, Lafouresse F, Vina E et al. Tumor-associated high endothelial venules
mediate lymphocyte entry into tumors and predict response to PD-1 plus
CTLA-4 combination immunotherapy. 2022;40:318-334e319.

7. Whiteside TL. Exosome and mesenchymal stem cell cross-talk in the tumor
microenvironment. Semin Immunol. 2018;35:69-79.

8. TuZ Karnoub AE. Mesenchymal stem/stromal cells in breast cancer develop-
ment and management. Semin Cancer Biol. 2022;86:81-92.

9. ShiY,WangV,LiQ, Liu K, Hou J, Shao C, Wang YJNrN. Immunoregulatory
Mech mesenchymal stem stromal cells Inflamm Dis. 2018;14:493-507.

10.  WangY, Chen X, Cao W, Shi, YINi. Plasticity of mesenchymal stem cells
in immunomodulation: pathological and therapeutic implications.
2014;15:1009-16.


https://doi.org/10.1186/s12951-023-01997-x
https://doi.org/10.1186/s12951-023-01997-x

Qiu et al. Journal of Nanobiotechnology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

(2023) 21:233

Shahar T, Rozovski U, Hess K, Hossain A, Gumin J, Gao F, Fuller G, Goodman L,
Sulman E. Lang FIN-o. percentage of mesenchymal stem cells in high-grade
glioma tumor samples correlates with patient survival. 2017;19:660-8.

QiY, Jin C, QiuW, Zhao R, Wang S, Li B, Zhang Z, Guo Q, Zhang S, Gao Z et al.
The dual role of glioma exosomal microRNAs: glioma eliminates tumor sup-
pressor mir-1298-5p via exosomes to promote immunosuppressive effects of
MDSCs. 2022;13:426.

MiY, Guo N, Luan J, Cheng J, Hu Z, Jiang P, Jin W, Gao X. The emerging role
of myeloid-derived suppressor cells in the Glioma Immune Suppressive
Microenvironment. Front Immunol. 2020;11:737.

Bayik D, Zhou Y, Park C, Hong C, Vail D, Silver DJ, Lauko A, Roversi G, Watson
DC, Lo A et al. Myeloid-derived suppressor cell subsets drive Glioblastoma
Growth in a sex-specific manner. Cancer Discov. 2020;10:1210-25.

Hegde S, Leader AM, Merad M. MDSC: markers, development, states, and
unaddressed complexity. Immunity. 2021,54:875-84.

Del Montalban |, Penski C, Schlahsa L, Stein RG, Diessner J, Wockel A, Dietl J,
Lutz MB, Mittelbronn M, Wischhusen J, Hausler SFM. Adenosine-generating
ovarian cancer cells attract myeloid cells which differentiate into adenosine-
generating tumor associated macrophages - a self-amplifying, CD39- and
CD73-dependent mechanism for tumor immune escape. J Immunother
Cancer. 2016;4:49.

Zhang Y, Qu D, Sun J, Zhao L, Wang Q, Shao Q, Kong B, Zhang Y, Qu X.
Human trophobilast cells induced MDSCs from peripheral blood CD14(+)
myelomonocytic cells via elevated levels of CCL2. Cell Mol Immunol.
2016;13:615-27.

Mundy-Bosse BL, Lesinski GB, Jaime-Ramirez AC, Benninger K, Khan M, Kup-
pusamy P, Guenterberg K, Kondadasula SV, Chaudhury AR, La Perle KM, et al.
Myeloid-derived suppressor cell inhibition of the IFN response in tumor-
bearing mice. Cancer Res. 2011;71:5101-10.

Di Virgilio F. Purines, purinergic receptors, and cancer. Cancer Res.
2012;72:5441-7.

Antonioli L, Pacher P, Vizi ES, Hasko G. CD39 and CD73 in immunity and
inflammation. Trends Mol Med. 2013;19:355-67.

Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, Chen JF, Enjyoji K,
Linden J, Oukka M, et al. Adenosine generation catalyzed by CD39 and CD73
expressed on regulatory T cells mediates immune suppression. J Exp Med.
2007,204:1257-65.

Stagg J, Divisekera U, McLaughlin N, Sharkey J, Pommey S, Denoyer D, Dwyer
KM, Smyth MJ. Anti-CD73 antibody therapy inhibits breast tumor growth and
metastasis. Proc Natl Acad Sci U S A. 2010;107:1547-52.

Antonioli L, Yegutkin GG, Pacher P, Blandizzi C, Hasko G. Anti-CD73 in

cancer immunotherapy: awakening new opportunities. Trends Cancer.
2016;2:95-109.

Herbst RS, Majem M, Barlesi F, Carcereny E, Chu Q Monnet |, Sanchez-
Hernandez A, Dakhil S, Camidge DR, Winzer L, et al. COAST: an Open-Label,
phase II, Multidrug platform study of Durvalumab alone or in Combination
with Oleclumab or Monalizumab in patients with Unresectable, Stage IIl Non-
Small-Cell Lung Cancer. J Clin Oncol. 2022;40:3383-93.

Goswami S, Walle T, Cornish AE, Basu S, Anandhan S, Fernandez I, Vence L,
Blando J, Zhao H, Yadav SS, et al. Immune profiling of human tumors identi-
fies CD73 as a combinatorial target in glioblastoma. Nat Med. 2020,26:39-46.
Han QF, Li WJ, Hu KS, Gao J, Zhai WL, Yang JH, Zhang SJ. Exosome biogenesis:
machinery, regulation, and therapeutic implications in cancer. Mol Cancer.
2022;21:207.

WuY, LiJ, Zeng Y, PuW, Mu X, Sun K, Peng Y, Shen B. Exosomes rewire the
cartilage microenvironment in osteoarthritis: from intercellular communica-
tion to therapeutic strategies. Int J Oral Sci. 2022;14:40.

Pan Z,Zhao R, Li B, Qi Y, Qiu W, Guo Q, Zhang S, Zhao S, Xu H, Li M, et al.
EWSR1-induced circNEIL3 promotes glioma progression and exosome-medi-
ated macrophage immunosuppressive polarization via stabilizing IGF2BP3.
Mol Cancer. 2022;21:16.

QiuW, Guo X, Li B,Wang J, QiY, Chen Z, Zhao R, Deng L, Qian M, Wang S,

et al. Exosomal miR-1246 from glioma patient body fluids drives the dif-
ferentiation and activation of myeloid-derived suppressor cells. Mol Ther.
2021;29:3449-64.

QiY, Jin C, QiuW, Zhao R, Wang S, Li B, Zhang Z, Guo Q, Zhang S, Gao Z, et al.
The dual role of glioma exosomal microRNAs: glioma eliminates tumor sup-
pressor mir-1298-5p via exosomes to promote immunosuppressive effects of
MDSCs. Cell Death Dis. 2022;13:426.

Li C, NiY, Xu H, Xiang Q ZhaoY, Zhan J, He J, Li S. Liu YJSt, therapy t. roles and
mechanisms of exosomal non-coding RNAs. Hum health Dis. 2021;6:383.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 18 of 19

Witwer KW, Soekmadji C, Hill AF, Wauben MH, Buzas El, Di Vizio D, Falcon-
Perez JM, Gardiner C, Hochberg F, Kurochkin IV, et al. Updating the MISEV
minimal requirements for extracellular vesicle studies: building bridges to
reproducibility. J Extracell Vesicles. 2017;6:1396823.

Ambros V. microRNAs: tiny regulators with great potential. Cell.
2001;107:823-6.

Zheng D, Huo M, Li B, Wang W, Piao H, Wang Y, Zhu Z, Li D, Wang T, Liu K. The
role of Exosomes and Exosomal MicroRNA in Cardiovascular Disease. Front
Cell Dev Biol. 2020,8:616161.

Guo X, QiuW, Liu Q Qian M, Wang S, Zhang Z, Gao X, Chen Z, Xue H, Li G.
Immunosuppressive effects of hypoxia-induced glioma exosomes through
myeloid-derived suppressor cells via the miR-10a/Rora and miR-21/Pten
pathways. Oncogene. 2018;37:4239-59.

Li B, Chen X, Qiu W, Zhao R, Duan J, Zhang S, Pan Z, Zhao S, Guo Q Qi Y, et
al. Synchronous disintegration of Ferroptosis Defense Axis via Engineered
Exosome-Conjugated magnetic nanoparticles for Glioblastoma Therapy. Adv
Sci (Weinh). 2022,9:e2105451.

Liu L, LiY, Peng H, Liu R, JiW, Shi Z, Shen J, Ma G, Zhang X. Targeted exosome
coating gene-chem nanocomplex as ‘nanoscavenger”for clearing alpha-
synuclein and immune activation of Parkinson's disease. Sci Adv 2020;6.
LiL,Wang L, Li J,Fan Z, Yang L, Zhang Z, Zhang C, Yue D, Qin G, Zhang T,

et al. Metformin-Induced reduction of CD39 and CD73 blocks myeloid-
derived suppressor cell activity in patients with ovarian Cancer. Cancer Res.
2018;78:1779-91.

Quezada C, Torres A, Niechi |, Uribe D, Contreras-Duarte S, Toledo F, San
Martin R, Gutiérrez J, Sobrevia L. Role of extracellular vesicles in glioma
progression. Mol Aspects Med. 2018;60:38-51.

LinY, Zhang C, Xiang P, Shen J, Sun W, Yu H. Exosomes derived from Hela
cells break down vascular integrity by triggering endoplasmic reticulum
stress in endothelial cells. J Extracell Vesicles. 2020;9:1722385.

Hirota SA, Fines K, Ng J, Traboulsi D, Lee J, Ihara E, Li Y, Willmore WG, Chung
D, Scully MM, et al. Hypoxia-inducible factor signaling provides protec-

tion in Clostridium difficile-induced intestinal injury. Gastroenterology.
2010;139:259-269e253.

Cheng S, Quintin J, Cramer R, Shepardson K, Saeed S, KumarV, Giamarellos-
Bourboulis E, Martens J, Rao N, Aghajanirefah A et al. mTOR- and HIF-
Ta-mediated aerobic glycolysis as metabolic basis for trained immunity.
2014;345:1250684.

Shafee N, Kaluz S, Ru N, Stanbridge EJCI. PI3K/Akt activity has variable cell-
specific effects on expression of HIF target genes, CA9 and VEGF, in human
cancer cell lines. 2009;282:109-15.

Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1T mRNA is induced by
ATF6 and spliced by IRET in response to ER stress to produce a highly active
transcription factor. Cell. 2001;107:881-91.

Haraszti RA, Didiot MC, Sapp E, Leszyk J, Shaffer SA, Rockwell HE, Gao F, Narain
NR, DiFiglia M, Kiebish MA, et al. High-resolution proteomic and lipidomic
analysis of exosomes and microvesicles from different cell sources. J Extracell
Vesicles. 2016;5:32570.

Zhang K, Kaufman RJ. The unfolded protein response: a stress signaling
pathway critical for health and disease. Neurology. 2006;66:102-9.

ZhouW, XuY, Zhang J, Zhang P, Yao Z, Yan Z, Wang H, Chu J,Yao S, Zhao

S, et al. MiRNA-363-3p/DUSP10/JNK axis mediates chemoresistance by
enhancing DNA damage repair in diffuse large B-cell lymphoma. Leukemia.
2022;36:1861-9.

Zhang Q, Wang HY, Liu X, Bhutani G, Kantekure K, Wasik M. IL-2R common
gamma-chain is epigenetically silenced by nucleophosphin-anaplastic
lymphoma kinase (NPM-ALK) and acts as a tumor suppressor by targeting
NPM-ALK. Proc Natl Acad Sci U S A.2011;108:11977-82.

Kishikawa S, Murata T, Kimura H, Shiota K, Yokoyama KK. Regulation of
transcription of the Dnmt1 gene by Sp1 and Sp3 zinc finger proteins. Eur J
Biochem. 2002,269:2961-70.

Lin RK, Wu CY, Chang JW, Juan LJ, Hsu HS, Chen CY, Lu YY, Tang YA, Yang YC,
Yang PC, Wang YC. Dysregulation of p53/Sp1 control leads to DNA methyl-
transferase-1 overexpression in lung cancer. Cancer Res. 2010;70:5807-17.
Alptekin A, Parvin M, Chowdhury H, Rashid M. Arbab AJIr. Engineered exo-
somes for studies in tumor immunology. 2022;312:76-102.

Rehman FU, Liu'Y, Zheng M, Shi B. Exosomes based strategies for brain drug
delivery. Biomaterials. 2023;293:121949.

Allard B, Pommey S, Smyth MJ, Stagg J. Targeting CD73 enhances the
antitumor activity of anti-PD-1 and anti-CTLA-4 mAbs. Clin Cancer Res.
2013;19:5626-35.



Qiu et al. Journal of Nanobiotechnology

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

(2023) 21:233

Houlihan DD, Mabuchi'Y, Morikawa S, Niibe K, Araki D, Suzuki S, Okano H,
Matsuzaki Y. Isolation of mouse mesenchymal stem cells on the basis of
expression of Sca-1 and PDGFR-alpha. Nat Protoc. 2012;7:2103-11.

Morikawa S, Mabuchi'Y, Kubota Y, Nagai Y, Niibe K, Hiratsu E, Suzuki S,
Miyauchi-Hara C, Nagoshi N, SunaboriT, et al. Prospective identification, isola-
tion, and systemic transplantation of multipotent mesenchymal stem cells in
murine bone marrow. J Exp Med. 2009;206:2483-96.

Ren G, Zhao X, Wang Y, Zhang X, Chen X, Xu C, Yuan ZR, Roberts Al, Zhang L,
Zheng B, et al. CCR2-dependent recruitment of macrophages by tumor-
educated mesenchymal stromal cells promotes tumor development and is
mimicked by TNFalpha. Cell Stem Cell. 2012;11:812-24.

Sampson JH, Gunn MD, Fecci PE, Ashley DM. Brain immunology and immu-
notherapy in brain tumours. Nat Rev Cancer. 2020;20:12-25.

Takacs GP, Flores-Toro JA, Harrison JK. Modulation of the chemokine/chemo-
kine receptor axis as a novel approach for glioma therapy. Pharmacol Ther.
2021;222:107790.

Nowak B, Rogujski P, Janowski M, Lukomska B, Andrzejewska A. Mesenchymal
stem cells in glioblastoma therapy and progression: how one cell does it all.
Biochim Biophys Acta Rev Cancer. 2021;1876:188582.

Figueroa J, Phillips LM, Shahar T, Hossain A, Gumin J, Kim H, Bean AJ, Calin GA,
Fueyo J, Walters ET, et al. Exosomes from Glioma-Associated Mesenchymal
stem cells increase the tumorigenicity of glioma stem-like cells via transfer of
miR-1587. Cancer Res. 2017,77:5808-19.

Takayama'Y, Kusamori K, Nishikawa M. Mesenchymal stem/stromal cells as
next-generation drug delivery vehicles for cancer therapeutics. Expert Opin
Drug Deliv. 2021;18:1627-42.

Pacioni S, D'Alessandris QG, Giannetti S, Morgante L, De Pascalis |, Cocce V,
Bonomi A, Pascucci L, Alessandri G, Pessina A, et al. Mesenchymal stromal
cells loaded with paclitaxel induce cytotoxic damage in glioblastoma brain
xenografts. Stem Cell Res Ther. 2015;6:194.

Allahverdi A, Arefian E, Soleimani M, Ai J, Nahanmoghaddam N, Yousefi-
Ahmadipour A, Ebrahimi-Barough S. MicroRNA-4731-5p delivered by
AD-mesenchymal stem cells induces cell cycle arrest and apoptosis in
glioblastoma. J Cell Physiol. 2020;235:8167-75.

Lee HK; Finniss S, Cazacu S, Bucris E, Ziv-Av A, Xiang C, Bobbitt K, Rempel SA,
Hasselbach L, Mikkelsen T, et al. Mesenchymal stem cells deliver synthetic
microRNA mimics to glioma cells and glioma stem cells and inhibit their cell
migration and self-renewal. Oncotarget. 2013;4:346-61.

Mohme M, Maire CL, Geumann U, Schliffke S, Duhrsen L, Fita K, Akyuz N,
Binder M, Westphal M, Guenther C, et al. Local Intracerebral Immunomodula-
tion using interleukin-expressing mesenchymal stem cells in Glioblastoma.
Clin Cancer Res. 2020;26:2626-39.

Chastkofsky MI, Pituch KC, Katagi H, Zannikou M, llut L, Xiao T, Han Y, Son-
abend AM, Curiel DT, Bonner ER, et al. Mesenchymal stem cells successfully
deliver oncolytic virotherapy to diffuse intrinsic pontine glioma. Clin Cancer
Res. 2021,27:1766-77.

Hossain A, Gumin J, Gao F, Figueroa J, Shinojima N, Takezaki T, Priebe W, Villar-
real D, Kang SG, Joyce C, et al. Mesenchymal stem cells isolated from human
gliomas increase proliferation and maintain stemness of glioma stem cells
through the IL-6/gp130/STAT3 pathway. Stem Cells. 2015;33:2400-15.

Zhang Q, Yi DY, Xue BZ, Wen WW, Lu YP, Abdelmaksou A, Sun MX, Yuan DT,
Zhao HY, Xiong NX, et al. CD90 determined two subpopulations of glioma-
associated mesenchymal stem cells with different roles in tumour progres-
sion. Cell Death Dis. 2018;9:1101.

Ghasempour E, Hesami S, Movahed E, Keshel SH, Doroudian M. Mesenchy-
mal stem cell-derived exosomes as a new therapeutic strategy in the brain
tumors. Stem Cell Res Ther. 2022;13:527.

Wang M, Xin'Y, Cao H, Li W, Hua Y, Webster TJ, Zhang C, Tang W, Liu Z. Recent
advances in mesenchymal stem cell membrane-coated nanoparticles for
enhanced drug delivery. Biomater Sci. 2021;9:1088-103.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 19 of 19

Mensa E, Guescini M, Giuliani A, Bacalini MG, Ramini D, Corleone G, Ferracin
M, Fulgenzi G, Graciotti L, Prattichizzo F, et al. Small extracellular vesicles
deliver miR-21 and miR-217 as pro-senescence effectors to endothelial cells. J
Extracell Vesicles. 2020;9:1725285.

Jung BK, Song H, Shin H, Chai JY. Exosomal miRNA-21 from Toxoplasma
gondii-infected microglial cells induces the growth of U87 glioma cells by
inhibiting tumor suppressor genes. Sci Rep. 2022;12:16450.

Lan F, Pan Q, Yu H, Yue X. Sulforaphane enhances temozolomide-induced
apoptosis because of down-regulation of miR-21 via Wnt/B-catenin signaling
in glioblastoma. J Neurochem. 2015;134:811-8.

Griveau A, Bejaud J, Anthiya S, Avril S, Autret D, Garcion E. Silencing of miR-21
by locked nucleic acid-lipid nanocapsule complexes sensitize human glio-
blastoma cells to radiation-induced cell death. Int J Pharm. 2013;454:765-74.
Anthiya S, Griveau A, Loussouarn C, Baril P, Garnett M, Issartel JP, Garcion E.
MicroRNA-Based drugs for brain tumors. Trends Cancer. 2018;4:222-38.
Armstrong JP, Holme MN, Stevens MM. Re-engineering extracellular vesicles
as smart Nanoscale therapeutics. ACS Nano. 2017;11:69-83.

van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19:213-28.

Xia J, Miao Y, Wang X, Huang X, Dai J. Recent progress of dendritic cell-
derived exosomes (dex) as an anti-cancer nanovaccine. Biomed Pharmaco-
ther. 2022;152:113250.

Escudier B, Dorval T, Chaput N, Andre F, Caby MP, Novault S, Flament C,
Leboulaire C, Borg C, Amigorena S, et al. Vaccination of metastatic melanoma
patients with autologous dendritic cell (DC) derived-exosomes: results of
thefirst phase | clinical trial. J Transl Med. 2005;3:10.

Morse MA, Garst J, Osada T, Khan S, Hobeika A, Clay TM, Valente N, Shreeniwas
R, Sutton MA, Delcayre A, et al. A phase | study of dexosome immunotherapy
in patients with advanced non-small cell lung cancer. J TransI Med. 2005;3:9.
Besse B, Charrier M, Lapierre V, Dansin E, Lantz O, Planchard D, Le Chevalier

T, Livartoski A, Barlesi F, Laplanche A, et al. Dendritic cell-derived exosomes
as maintenance immunotherapy after first line chemotherapy in NSCLC.
Oncoimmunology. 2016;5:¢1071008.

Pitt JM, Andre F, Amigorena S, Soria JC, Eggermont A, Kroemer G, Zitvo-

gel L. Dendritic cell-derived exosomes for cancer therapy. J Clin Invest.
2016;126:1224-32.

Gu X, Erb U, Buchler MW, Zoller M. Improved vaccine efficacy of tumor exo-
some compared to tumor lysate loaded dendritic cells in mice. Int J Cancer.
2015;136:E74-84.

Du L, Lee JH, Jiang H, Wang C,Wang S, Zheng Z, Shao F, Xu D, Xia Y, Li J et

al. beta-catenin induces transcriptional expression of PD-L1 to promote
glioblastoma immune evasion. J Exp Med 2020;217.

Reardon DA, Omuro A, Brandes AA, Rieger J, Wick A, Sepulveda J, Phuphanich
S, de Souza P, Ahluwalia MS, Lim M, et al. 0510.3 Randomized phase 3 study
evaluating the efficacy and safety of Nivolumab vs Bevacizumab in patients
with recurrent glioblastoma: CheckMate 143. Neurooncology. 2017;19:ii21-1.
Reardon DA, Brandes AA, Omuro A, Mulholland P, Lim M, Wick A, Baehring

J, Ahluwalia MS, Roth P, Bahr O, et al. Effect of Nivolumab vs Bevacizumab in
patients with recurrent glioblastoma: the CheckMate 143 phase 3 Random-
ized Clinical Trial. JAMA Oncol. 2020;6:1003-10.

Flores-Toro JA, Luo D, Gopinath A, Sarkisian MR, Campbell JJ, Charo IF, Singh
R, Schall TJ, Datta M, Jain RK, et al. CCR2 inhibition reduces tumor myeloid
cells and unmasks a checkpoint inhibitor effect to slow progression of resis-
tant murine gliomas. Proc Natl Acad Sci U S A. 2020;117:1129-38.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Mesenchymal stem cells, as glioma exosomal immunosuppressive signal multipliers, enhance MDSCs immunosuppressive activity through the miR-21/SP1/DNMT1 positive feedback loop
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Cell culture
	﻿Animal study
	﻿Human MDSC induction
	﻿Patient MDSCs isolation
	﻿Mouse MDSCs induction
	﻿Exosome isolation
	﻿Small interfering RNA, miRNA mimics, and lentivirus transfection
	﻿qRT–PCR and western blotting
	﻿T-cell suppression assay
	﻿Methylation-specific PCR (MSP)
	﻿Luciferase reporter assay
	﻿Flow cytometry
	﻿Chromatin immunoprecipitation (ChIP)
	﻿Dendritic cell-derived exosome (dex) generation
	﻿Exosome loading
	﻿Statistical analysis

	﻿Results
	﻿GA-MSCs promote glioma progression by inducing CD73 expression on MDSCs
	﻿GA-MSC-derived exosomes increase CD73 expression on MDSCs
	﻿GA-MSCs-derived exosomal miR-21 promoted CD73 expression through the PTEN/PI3K/AKT/HIF-1α pathway
	﻿Upregulation of the transcription factor XBP1s induced by glioma exosomal CD44 promoted miR-21 expression in GA-MSCs
	﻿The miR-21/SP1/DNMT1 positive feedback loop in MSCs promoted miR-21 transcription
	﻿Modified exosomes loaded with miR-21 inhibitors improved PD-1 blockade therapy

	﻿Discussion
	﻿Conclusion
	﻿References


