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Exosomal miR-1246 from glioma patient body
fluids drives the differentiation and
activation of myeloid-derived suppressor cells
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Glioma is a heterogeneous cellular environment in which im-
mune cells play critical roles in tumor progression. Myeloid-
derived suppressor cells (MDSCs) contribute to the formation
of the immunosuppressive microenvironment of glioma; how-
ever, how glioma cells interact with MDSCs and how this inter-
action affects the function of other immune cells are unclear.
Glioma cells can systemically communicate with immune cells
via the secretion of exosomes, which contain microRNAs (miR-
NAs). Leveraging miRNA sequencing of exosomes, we identi-
fied enrichment of miR-1246 in glioma-derived exosomes
and exosomes isolated from the cerebrospinal fluid (CSF) of
glioma patients. We demonstrated that miR-1246 drives the
differentiation and activation of MDSCs in a dual specificity
phosphatase 3 (DUSP3)/extracellular signal-regulated kinase
(ERK)-dependent manner. In addition, postoperative CSF exo-
somal miR-1246 expression was found to be associated with the
glioma recurrence rate. Hypoxia, a well-recognized feature of
the glioblastoma microenvironment, increased miR-1246 levels
in glioma-derived exosomes by enhancing miR-1246 transcrip-
tion and selective packaging via upregulation of POU class 5
homeobox 1 (POU5F1) and heterogeneous nuclear ribonucleo-
protein Al (hnRNPA1). Importantly, we identified a mecha-
nism of 2-methoxyestradiol, a microtubule inhibitor currently
undergoing clinical trials for glioblastoma. 2-Methoxyestradiol
suppresses MDSC activation by inhibiting hypoxia-driven
exosomal miR-1246 expression in glioma cells and PD-L1
expression in MDSCs.

INTRODUCTION

Gliomas represent 40% of brain tumors." Glioblastoma is the most
common type of glioma® and the deadliest glioma, with a median sur-
vival of only 14 months despite recent advances in therapeutic strate-
gies. Glioblastoma is resistant to conventional therapy because of its
complex immunosuppressive microenvironment. Myeloid-derived
suppressor cells (MDSCs) are a population of immature myeloid cells
that accumulate in glioma patients. MDSCs suppress the function of
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T cells to interfere with normal immune responses and contribute to
glioma progression.” The accumulation of MDSCs in glioma patients
causes systemic immunosuppression and impairs the effectiveness of
immunotherapies."1 Therefore, we focused on the differentiation and
activation of glioma-associated monocytic MDSCs (M-MDSCs) and
aimed to target M-MDSCs to improve immunotherapy.

MDSCs can be differentiated from myeloid progenitors in the bone
marrow or from peripheral monocytes/neutrophils.* ® Factors in the
plasma may affect the differentiation and function of peripheral and
circulating MDSCs. In the central nervous system, cerebrospinal fluid
(CSF) can interact directly with the brain tumor microenvironment”
and can potentially drive the differentiation and suppressive function
of glioma-infiltrating MDSCs. In glioma patients, the differentiation
of MDSCs can begin prior to their migration into glioma,® suggesting
a long-distance interaction between glioma cells and MDSCs.

Exosomes are small vesicles (50-150 nm in size) secreted by most cell
types, including cancer cells.” Exosome donor cells (e.g., glioma cells)
can transport various forms of RNAs and proteins through multiple
types of body fluids, such as extracellular fluid, CSF, and plasma, to
target cells.'” We propose that glioma-derived exosomes are present
in the CSF, where exosomes are taken up by local glioma-infiltrating
MDSCs, and in the peripheral circulatory system, where exosomes
interact with circulating MDSCs in the blood or with MDSC progen-
itors in the bone marrow. Because almost all cells produce exosomes,
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the composition of blood exosomes is complex, and plasma exosomal
microRNA (miRNA) sequencing in glioma patients may not be sen-
sitive enough to detect glioma-derived exosomes.'' Given the prox-
imity of CSF to brain tumors, CSF may allow for a better detection
of glioma-derived exosomes via exosomal miRNA sequencing. In
this study, we uncovered that exosomes isolated from glioma patient
plasma, CSF, and glioma cells enhanced the differentiation of human
monocytes into MDSCs. By performing miRNA sequencing in exo-
somes isolated from glioma patient CSF and gliomas, we identified
that miR-1246 is enriched in glioma-derived exosomes and mediates
the differentiation and immunosuppressive function of M-MDSCs
via the dual specificity phosphatase 3 (DUSP3)/ERK pathway. In
addition, CSF exosomal miR-1246 expression is associated with
recurrence in glioma patients.

Hypoxia is a well-recognized feature of the glioblastoma microenviron-
ment and uniquely establishes an immunosuppressive environment by
affecting both glioma cells and immune cells.'>'*> We found that hypox-
ia not only locally influences glioma-associated MDSCs by upregulating
MDSC PD-L1 expression but also remotely influences the functional
propagation of M-MDSCs in the peripheral blood by altering the
miRNA profile of glioma-derived exosomes. We determined that hyp-
oxia promotes the enrichment of miR-1246 in glioma-derived exo-
somes by increasing miR-1246 transcription and selective exosomal
sorting through upregulating POU class 5 homeobox 1 (POU5F1)
and heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1). Finally,
we revealed an anti-glioma mechanism of 2-methoxyestradiol (2-ME2)
via blocking hypoxia-mediated M-MDSC functional propagation.

RESULTS

Glioma patient CSF-, plasma- and glioma cell-isolated
exosomes promote the differentiation and immunosuppressive
function of MDSCs

To study the effect of body fluid exosomes from glioma patients on
MDSCs, we isolated exosomes from CSF, blood plasma, and glioma
cell (US7MG and P3 cells) culture medium (Figures SIA-S1C).
Isolated exosomes were used to stimulate human peripheral blood
monocytes isolated from healthy donors (Figure S1D). Exosomes
from glioma patient CSF and plasma significantly promoted differen-
tiation of monocytes into CD14"HLA-DR™ M-MDSCs compared to
exosomes isolated from healthy donor CSF and plasma (Figures 1A
and 1B). The expression of CD11b and CD33 on the above CD14™
HLA-DR™ cells was also validated (Figure S1E). We next examined
the immunosuppressive function of glioma patient CSF and plasma
exosome-induced M-MDSCs. Since the primary immunosuppressive
function of MDSCs in the tumor microenvironment is to inhibit the
proliferation of CD8" T lymphocytes, we co-cultured glioma patient
exosome-induced M-MDSCs with human T cells and examined T cell
proliferation. Compared to healthy donor CSF and plasma exosome-
induced M-MDSCs, glioma patient body fluid exosome-induced
MDSCs had a higher propensity to inhibit T cell proliferation (Figures
1C and 1D). Glioma cell (U87MG and P3) exosomes also promoted
the differentiation of monocytes into CD14"HLA-DR™ M-MDSCs
compared to the control (Figure 1E). MDSCs induced by glioma
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cell exosomes suppressed the proliferation of CD8™ T cells (Figure 1F).
In addition, glioma patient CSF, plasma, and glioma cell exosome-
induced MDSCs secreted higher levels of interleukin (IL)-10 and
transforming growth factor (TGF)-f than MDSCs induced by healthy
donor CSF- and plasma-derived exosomes (Figure 1G).

Glioma patient CSF and plasma exosomal miR-1246 promotes
MDSC activation

Almost all cells secrete exosomes, and exosomes are abundant in the
blood. The source of plasma exosomes in cancer patients is complex,
and the number of exosomes is ~5 x 10° vesicles per milliliter of
plasma.'* CSF interacts directly with the glioma microenvironment
and is less complex in exosome composition than plasma, which
allows for more straightforward detection. We performed miRNA
sequencing of CSF exosomes collected perioperatively from 21
glioma patients (National Genomics Data Center [GSA no.
CRA002339]) (Figure 2A; Table S1). We also performed miRNA
sequencing of U87MG human glioma cell-derived exosomes
(normoxia or hypoxia conditioned, SRA no. SRP123461). Overall,
105 miRNAs were highly (transcripts per million [TPM] > 500)
expressed in glioma patient CSF exosomes. In both normoxia-
and hypoxia-conditioned glioma-derived exosomes (N-GDEs and
H-GDEs, respectively), the top 14 expressing miRNAs accounted
for >80% of total miRNAs (Figures 2B and 2C). All the top 14 miR-
NAs were upregulated in H-GDEs compared to N-GDEs (Fig-
ure S2A). Other miRNAs each accounted for <1% of total miRNAs.
Twelve miRNAs were highly expressed in both CSF exosomes and
GDEs (Figure 2D). We overexpressed the miRNAs in human
CD14" monocytes and examined HLA-DRA and TGFBI expression.
miR-1246, miR-25-3p, miR-21-5p, miR-100-5p, miR-10b-5p, and
miR-99a-5p reduced HLA-DRA expression, whereas miR-1246,
miR-423-5p, and miR-10a-5p enhanced TGFBI gene expression
(Figures 2E and 2F). miR-1246 exhibited the strongest induction
of MDSCs and MDSC-mediated immunosuppressive effects. miR-
1246 was also the most highly expressed miRNA in GDEs and ac-
counted for 24.4% of miRNAs in N-GDEs and 26.0% of miRNAs
in H-GDEs (Figures 2B and 2C).

To determine whether miR-1246 is the key miRNA in CSF and
plasma exosome-mediated monocyte differentiation into MDSCs,
we first compared body fluid exosomal miR-1246 expression in
glioma patients and healthy donors. miR-1246 expression was 1.96
and 1.42 times higher in glioma patient CSF and plasma exosomes
than in healthy donors (Figures 2G and 2H). CD14" cells in glioma
patients also expressed increased levels of miR-1246 compared to
those in healthy donors (Figure 2I). We next transfected peripheral
blood mononuclear cells (PBMCs) with miR-1246 antagomir and
stimulated them with CSF and plasma exosomes. The miR-1246
antagomir impaired glioma patient CSF and plasma exosome-
induced MDSC differentiation (Figure 2J) and immunosuppressive
function (Figure 2K). These findings suggest that exosomal miR-
1246 in glioma patient body fluid enhances monocyte differentiation
into MDSCs and MDSC activation.
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Figure 1. Glioma patient body fluid-derived exosomes exhibited strong MDSC induction potency

(A and B) Exosomes (EXOs) isolated from glioma patient (Pt) CSF (A) and plasma (B) increased the differentiation of peripheral blood monocytes to CD14"HLA-DR ™ cells (M-
MDSCs) compared to EXOs isolated from healthy donors (HD) (n = 4 for each group). (C and D) M-MDSCs were induced by stimulating CD14™ cells with glioma patient CSF
exosomes or plasma exosomes. CFSE-labeled CD14-depleted PBMCs were co-cultured with induced M-MDSCs for 72 h (n = 4 for each group). After 72 h of co-culture,
CD8" T cells among the above CD14-depleted PBMCs were labeled with anti-CD8 antibody and gated through flow cytometry. CD8" T cell proliferation was evaluated by
measuring the CFSE dilution signal. More diluted signal indicates more proliferation. (E) Glioma-derived exosome (GDE) (from U87MG and P3 cells) stimulation enhanced the
differentiation of CD14*HLA-DR™ cells among PBMCs (n = 3 for each group). (F) CFSE-labeled CD14-depleted PBMCs were co-cultured with M-MDSCs induced by GDEs
(isolated from U87MG and P3 cells) (n = 3 for each group). CD8" T cell proliferation was evaluated by CFSE dilution using flow cytometry after 72 h of co-culture. (G) Glioma
patient CSF (n = 4)-, plasma (n = 4)-, and glioma cell (n = 3)-EXOs induced M-MDSCs secrete increased levels of IL-10 and TGF-B compared to healthy donor CSF-EXO
(n = 4)-, plasma-EXO (n = 4)-, and PBS (n = 3)-induced M-MDSCs. The data are presented as the mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001.

Among the 21 glioma patients whose CSF exosomes we sequenced
above, complete prognosis information was available for 11 patients,
among whom 6 patients developed recurrent gliomas (Tables S2 and
S3). We performed miRNA sequencing around every 3 months post-

operatively in these patients. No significant difference in periopera-
tive CSF exosomal miR-1246 expression was found between recurrent
and nonrecurrent glioma patients (Figure 2L). However, exosomal
miR-1246 was 2.2 times higher in the last postoperative CSF sample

Molecular Therapy Vol. 29 No 12 December 2021 3451


http://www.moleculartherapy.org

3452

CSF-EXOs  +

CD14

Plasma-EXOs

+
Antagomir-1246 - +

Plasma-EXOs+antagomir-1246

L)

W

08¢

101

1@ |

2

CD14* HLA-DR' (%)

33

0
« 7 Plasma-EXOs +

L
Perioperative CSF EXO

E 250 ns
g 200

£

@ 150

£

2

&

[T

o0

o

Plasma EXO miR-1246
3 *

|

Relative expression

5
+

7" Antagomir-1246 -

Count

N-U87MG-GDEs H-U87MG-GDEs
m miR-1246 . miR-1246
% = miR-100-5p == miR-100-5p
= miR-21-5p B miR-378a-3p
=3 miR-378a-3p =1 miR21-5p
3 miR-151a-3p 0= miR-92a-3p
1 miR-92a-3p =3 miR-151a-3p
Bm miR-10b-5p B miR-9%a-5p
=3 miR-9%a-5p 3 miR-10b-5p
=3 miR-423-5p B3 miR-25-3p
= miR-320a == miR-30d-5p
=3 mik-10a-5p =3 miR-423-5p
= mR253p = miR10a5p
=1 miR-30d-5p = miR-320a
= let-7b-5p = miR-221-3p
= other miRs = other miRs.
3 — J 2.0 *
Sts - © 28 < ,—\
‘B k<] = o
£ 2 g g
@D ) 2 @1s
s o, [:4 £
S 1.0 = S =
- L) = 1.5 [e]
§ g Q 5 1.0
Q o E " w10 g
5 [G) [T
é = 8 0.5 3 -
(-1
S © s o "W pt
R R KR KR R R R
POV I T Wl
VTV S S S JUSSIEN
r SFEFEES & oE K
CSF-EXOs CSF-EXOs+antagomir-1246 "
o’ 147 573 L P 831 ?10
" [
Pyl
. x =
N EX S CSF-EXOs
x| 2 S 678%
' . g ) 4
é I Antagomir
10? Q )
O 2
w! ot ' o o
2 CFSE —— >

. s W

M N (o]

Recurrent glioma patient  Nonrecurrent glioma patient Last postoperative CSF
o 40 o150 * w© 40 oy
N . S S
o 30 4 o W
£ £100 £
Eow £ £ w
2 3 23
g g 50 g
D 499 ol D 100
[T w w
@n 0 o0
(&} o (&}

0
& S S
QQ@;\ .@0 6@@ é_p@
Qés & IS
&
58
F
R Spleen-MDSC S
U87MG-miR-NC U87MG-miR-12460v
20
S
+0 15
S
2
+.D 10
é 5
0
&
Q‘i’\\X\

Molecular Therapy Vol. 29 No 12 December 2021

©
S
pop
£
T2
3
5
=
at
(&}
Tw
2
B
-
=3
S
2
S
o
60
CSF-EXOs  + +
Antagomir-1246 - *

8

Proliferatiing T cells (%)

60
Plasma-EXOs ~ +

Antagomir-1246 - +
US7TMG-  UBTMG-
miR-NC miR-12460v
Day7 : I~
3 |
23
s 131 n
-‘g 6 | |
x5
0

Day 7

Glioma-MDSC
UB7MG-miR-NC

UB7MG-miR-12460v

Molecular Therapy

e
I_' UB7MG-miR-NC
N i = UB7MG-miR-12460v

*

o
. & N

Day 14  Day 21

CD11b* Ly6e” (%)

e

S
q}‘@

%,

4/
4,5,
8,

%

(legend on next page)



www.moleculartherapy.org

than in the perioperative CSF sample in recurrent glioma patients
(Figure 2M). Exosomal miR-1246 was 84.9% lower in the last postop-
erative CSF sample compared to the perioperative CSF sample in
nonrecurrent glioma patients (Figure 2N). The levels of miR-1246
in the last postoperative CSF sample from recurrent glioma patients
was 22.9 times higher than that in nonrecurrent glioma patients (Fig-
ure 20), suggesting that CSF exosomal miR-1246 is associated with
glioma presence and can potentially be used as a biomarker to detect
tumor recurrence after surgery.

Next, we employed a glioma xenograft mouse model to determine
the function of GDE miR-1246 in vivo. We implanted miR-NC
(control group)- and miR-1246-overexpressing U87MG cells into
the brains of nude mice (Figure 2P) and measured plasma exoso-
mal miR-1246 expression. Since miR-1246 is not expressed by
mouse cells'>'” (Figure S2B), all exosomal miR-1246 identified
in the plasma originated from human U87MG glioma cells. The
plasma exosomes from mice bearing miR-1246-overexpressing
U87MG glioma cells contained significantly higher levels of miR-
1246 than those from the control U87MG group (Figure 2Q). In
addition, a higher percentage of CD11b"Ly6c” mouse M-MDSCs
in the spleen and glioma was observed in mice bearing miR-
1246-overexpressing U87MG cells than in the control US87MG
group (Figures 2R and 28).

GDE miR-1246 potentiates M-MDSCs by activating the DUSP3/
ERK pathway

To directly visualize the transportation of glioma cell-derived exosomal
miR-1246 to MDSCs, GDEs isolated from U87MG/P3 cells transiently
transfected with Cy3-tagged miR-1246 were used to treat monocytes for
48 h. Fluorescently labeled miR-1246 was observed in monocytes,
demonstrating that miR-1246 was transferred from glioma cells to hu-
man monocytes via exosomes (Figure 3A). Similarly, the expression of
miR-1246 was increased in monocytes after stimulation with different

types of exosomes (Figure S2C). When we pretreated the cells with
100 nM antagomir-1246 before exosome treatment, the expression level
of miR-1246 failed to increase after exosome treatment (Figure S2C).

Considering the significant individual variations, we first chose the
U937 human monocyte cell line to perform RNA sequencing and
investigated the downstream pathways of miR-1246, which would
be helpful in controlling variables and enhancing repeatability. We
overexpressed miR-NC and miR-1246 in U937 human monocytic
cell lines and performed RNA sequencing in the treated cells (SRA
no. SRP216625) (Figure 3B). Genes (p < 0.05) downregulated in the
miR-1246 group relative to the miR-NC group were filtered
by overlap with predicted miR-1246 targets (determined with the on-
line bioinformatic tools TargetScan, miRDB, and microRNA.org)
(Figure 3C). DUSP3, SETDB2, and FAM53C were identified as poten-
tial targets of miR-1246. We further validated that their expression in
CD14" monocytes was downregulated after miR-1246 overexpression
(Figure 3D). To determine whether these genes are the key down-
stream molecules in miR-1246-mediated MDSC activation, we used
small interfering RNAs (siRNAs) (si-DUSP3, si-SETDB2, and si-
FAMS53C) to knock down these 3 genes in human CD14" cells and
measured HLA-DRA and TGFBI gene expression (Figure 3E). Only
DUSP3 knockdown reduced HLA-DRA expression and increased
TGFBI expression in human CD14" cells. We further showed that
DUSP3 knockdown promoted monocyte differentiation into MDSCs
(Figure 3F) and inhibited T cell proliferation (Figure 3G). In addition,
DUSP3 overexpression reversed the effect caused by miR-1246 in
MDSCs (Figures 3H and 3I).

To test whether miR-1246 directly targets DUSP3, 3 UTR seed
sequence mutations and 3’ UTR luciferase assays were conducted in hu-
man CD14" cells. DUSP3 luciferase activity in miR-1246-transfected
cells was decreased to ~60% of the control group (Figure 3]), indicating
that DUSP3 is a direct target of miR-1246. Among the potential DUSP3

Figure 2. Glioma patient CSF- and tumor cell-derived exosome miRNA sequencing identified miR-1246 as the key miRNA mediating the functional

expansion of M-MDSCs

(A) Heatmap of differential CSF-exosome miRNA expression in 21 patients with gliomas of different grades. (B and C) Distribution of the top 14 enriched glioma exosomal
miRNAs (higher than 1% of total miRNA) in normoxia- and hypoxia-conditioned glioma-derived exosomes (N-GDEs and H-GDEs, respectively). (D) Twelve miRNAs were
shared among the miRNAs in all glioma patient CSF EXOs, N-GDEs, and H-GDEs. (E) Among the 12 miRNAs, miR-1246, miR-25-3p, miR-21-5p, miR-100-5p, miR-10b-5p,
and miR-99a-5p overexpression in CD14* cells reduced HLA-DRA expression. miR-1246 overexpression exhibited the strongest MDSC induction potency in CD14" cells.
(F)miR-1246, miR-423-5p, and miR-10a-5p increased gene expression of the immunosuppressive cytokine TGFB1. miR-1246 increased TGFB1 levels to the highest among
allmiRNAs tested. (G and H) The expression of miR-1246 was 1.96- and 1.42-fold higher in the EXOs of CSF (n = 5) and plasma (n = 7) collected from glioma patients than in
those collected from healthy people. () miR-1246 expression increased 2.19-fold in CD14* cells isolated from glioma patients (n = 7) compared to those isolated from healthy
donors (n = 7). (J) Antagomir-1246 treatment impaired glioma patient CSF and plasma EXO-induced MDSC differentiation (n = 4 for each group, paired two-tailed Student’s t
tests). (K) M-MDSCs obtained by stimulating CD14* cells with glioma patient CSF EXOs or plasma EXOs were transfected with antagomir-1246 during EXOs stimulation.
CFSE-labeled CD14-depleted PBMCs were co-cultured with M-MDSCs for 72 h. After 72 h of co-culture, CD8" T cells among the above CD14-depleted PBMCs were
labeled with anti-CD8 antibody and gated through flow cytometry. CD8" T cell proliferation was evaluated by measuring the CFSE dilution signal (n = 4 for each group, paired
two-tailed Student’s t tests). (L) No difference in EXO miR-1246 expression was identified in perioperative CSF collected from recurrent (n = 6) and nonrecurrent (n = 5) glioma
patients. (M) In recurrent glioma patients, miR-1246 expression was significantly higher in the last postoperative CSF EXO sample than in the perioperative CSF EXO sample
(n = 6). (N) In nonrecurrent glioma patients, EXO miR-1246 expression in the last postoperative CSF sample was reduced by 84.9% compared to that in perioperative CSF
sample (n = 5). (O) miR-1246 expression in the last postoperative CSF sample from recurrent glioma patients (n = 6) was 22.9-fold higher than that in the postoperative CSF
sample from nonrecurrent glioma patients (n = 5). (P) Bioluminescence images and luminescence quantification in mice implanted with control U87MG cells (U87MG-miR-
NC) and miR-1246-overexpressing US7MG cells (U87MG-miR-12460v) (n = 5 for each group). (Q) Plasma EXO miR-1246 expression was measured in glioma-bearing mice
with quantitative real-time PCR (n = 5 for each group). (R and S) The percentage of CD11b*Ly6c*™ M-MDSCs in spleens and tumors (n = 5 for each group). The data are
presented as the mean + SD; “p < 0.05, **p < 0.01, *** p < 0.001.
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downstream molecules signal transducer and activator of transcription
5 (STAT5), ERK1/2, c-Jun N-terminal kinase 1/2, p38, epidermal
growth factor receptor, and ErbB2,'® only the STATS5 and ERK1/2 path-
ways have been reported to modulate MDSC activation.'””’ We over-
expressed miR-1246 in human CD14" cells and measured STAT5
and ERK1/2 activation. Only phosphorylation of ERK1/2, not STATS5,
was elevated by miR-1246 and could be reversed by overexpression of
DUSP3 (Figure 3K). DUSP3 knockdown with 2 different siRNAs
(si-DUSP3) also increased ERK1/2 phosphorylation (Figure 3L). In
addition, the ERK1/2 pathway was activated when we incubated human
CD14" monocytes with P3/U87MG GDEs. GDE-induced MDSC acti-
vation was blocked by transfection with antagomir-1246 (Figure 3M).
Similarly, we treated human CD14" monocytes with glioma patient
CSF- and plasma-isolated exosomes. Glioma patient-derived exosomes
activated the DUSP3/ERK pathway, and this effect was blocked by
antagomir-1246 (Figure 3N).

Hypoxia-induced glioma exosomal miR-1246 promotes MDSC
activation

Hypoxia is a common feature of the glioma microenvironment.
According to our GDE sequencing data, miR-1246 was upregulated
3.4-fold in H-GDEs compared to N-GDEs (Figure S2A). In addition,
hypoxia increased miR-1246 levels in GDEs from the four glioma cell
lines analyzed (Figure S2D), suggesting that hypoxia-induced GDE
miR-1246 expression can lead to miR-1246 enrichment in glioma
patient body fluid exosomes.

We next sought to determine the MDSC induction effect of N-GDEs and
H-GDEs by incubating PBMCs from healthy donors with N-GDEs and
H-GDEs. H-GDE:s exhibited a stronger MDSC induction ability than N-
GDE:s (Figure 4A). H-GDE-induced MDSCs also exhibited a stronger
ability to suppress CD8" T cell proliferation and to produce IL-10 and
TGF-p than N-GDE-induced MDSCs (Figures 4B and 4C). Consistent
with the role of miR-1246 in glioma patient CSF and plasma exosomes,
antagomir-1246 rescued the effect induced by H-GDEs (Figures 4A—
4C), indicating that hypoxia-inducible GDE miR-1246 mediates the
H-GDE-induced MDSC functional propagation.

Hypoxia induces POU5F1 to promote miR-1246 transcription

The biogenesis of miRNA involves three steps. First, primary miRNA
(pri-miRNA) is transcribed in the nucleus. Second, pri-miRNAs are
processed by DGCR8 and Drosha to become precursor miRNAs

(pre-miRNAs). Finally, the pre-miRNA is exported to the cytoplasm
and cleaved by Dicer to become mature miRNA. To test whether hyp-
oxia promotes miR-1246 transcription, we first determined whether
hypoxia upregulates pri-miR-1246 levels in U87MG, A172, U251, and
P3 human glioma cell lines (Figure 5A). To identify the mechanism
by which hypoxia drives pri-miR-1246 transcription, we used TransmiR
(http://www.cuilab.cn/transmir) to identify pri-miR-1246 transcription
factor candidates: TP73, TP63, AR, POU5F1, FOXAL1, and TP53 (Fig-
ure 5B). Because U251 and P3 human glioma cell lines harbor TP53 mu-
tations, TP53 was excluded from subsequent analyses. We examined
TP73, TP63, AR, POU5FI1, and FOXAI gene expression in hypoxia-
conditioned U87MG cells and found that only POU5FI and AR were
upregulated after hypoxia stimulation (Figure 5C). Whereas AR knock-
down in hypoxia-stimulated glioma cells did not affect miR-1246
expression, POUS5FI knockdown significantly reduced the miR-1246
level in hypoxia-conditioned glioma cells and H-GDEs (Figures 5D
and 5E; Figures S3A and S3B). The expression of pri-miR-1246 was
also decreased after POU5FI knockdown (Figure 5F).

Nine POUS5F1 binding sites were predicted in the upstream region
(—1 to —3,000) of miR-1246 (Figure 5G; predicted by JASPAR
[http://jaspar.genereg.net]). To determine which of the 9 sites are
involved in the POU5F1-miR-1246 interaction, we performed a
chromatin immunoprecipitation (ChIP) assay. DNA fragments
were collected from hypoxia-conditioned U87MG cells and immu-
noprecipitated with anti-POU5F1 antibody and the IgG control.
We observed high binding affinity of endogenous POUSF1 to
miR-1246 in U87MG cells at two predicted sites (site 1 and site 7,
Figure 5G), suggesting that POUS5F1 directly binds to the miR-
1246 promoter region to increase miR-1246 expression. Next, we
engineered the wild-type and three mutant (S1 deletion, S7 deletion,
and S1+S7 deletion) promoters to examine their binding ability to
POUSF1. POUSF1 increased luciferase expression in wild-type, S1
deletion, and S7 deletion but not the S1+S7 deletion conditions (Fig-
ure 5H), indicating that POU5F1 promotes pri-miR-1246 transcrip-
tion by binding to site 1 and site 7 on the miR-1246 promoter. In
addition, POUS5F1 expression was upregulated in hypoxia-condi-
tioned U87MG and P3 cells. Cells mainly respond to hypoxia by
activating hypoxia-inducible factors (HIFs). We found that HIFIA
knockdown inhibited hypoxia-mediated POUS5F1
indicating that hypoxia drives POU5F1 expression via HIF-1o
(Figure 5I).

expression,

Figure 3. miR-1246 in GDEs promotes MDSC differentiation and function through the DUSP3/ERK pathway

(A) GDEs derived from Cy3-tagged miR-1246-expressing glioma cells were used to treat human monocytes for 48 h. The monocytes were observed with confocal mi-
croscopy. Scale bar, 10 um. (B) Heatmap of RNA sequencing results for miR-1246-overexpressing and control U937 cell lines. (C) Venn diagram identifying the overlap of
miR-1246 target genes identified with the miRDB, microRNA.org, and TargetScan databases and the miR-1246 overexpression sequencing results. (D) DUSP3, SETDB2,
and FAM53C expression was studied in miR-1246-overexpressing human CD14* monocytes. (E) HLA-DRA and TGFB1 expression levels were measured after DUSP3,
SETDB2, or FAM53C knockdown in monocytes. (F) The percentage of CD14*HLA-DR™ MDSCs among DUSP3 knockdown PBMCs was measured by flow cytometry. (G)
MDSCs with DUSP3 knockdown and control MDSCs were co-cultured with human CD8™ T cells. The proliferation of CD8" T cells was measured. (H and I) The differentiation
and function of MDSCs induced by miR-NC or miR-1246 mimics and nonsense sequence or DUSP3 overexpression plasmids. (J) Schematic diagram of the predicted wild-
type binding site between miR-1246 and the DUSP3 3’ UTR and the mutated sequences. (K and L) Activation of the ERK and STAT5 pathways was studied after miR-1246
overexpression and DUSP3 knockdown. (M) GDE stimulation increased the phosphorylation of ERK, and this process was blocked by antagomir-1246. (N) Glioma patient
CSF- and plasma-isolated exosomes activate the DUSP3/ERK pathway, and this effect was blocked by antagomir-1246. The data are presented as the mean + SD; *p <

0.05, **p < 0.01, **p < 0.001.
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Hypoxia-induced hnRNPA1 selectively packages miR-1246 into
glioma exosomes

To investigate the sorting of miR-1246 into exosomes, we analyzed a
published proteomic dataset from an RNA:protein pull-down assay
using biotinylated miR-1246.”" The top 10 proteins identified are
shown in Figure 6A. We measured the RNA levels of these 10 genes
in normoxia- and hypoxia-conditioned U87MG cells and found that
hypoxia upregulated HNRNPAI, HNRNPU, and DCD expression
(Figure 6B). Knockdown of HNRNPAI, but not HNRNPU and
DCD, in glioma cells reduced exosomal miR-1246 levels (Figure 6C).
Furthermore, HNRNPA1 knockdown reduced miR-1246 expression
in hypoxia-conditioned GDEs and increased intracellular miR-1246
levels in hypoxia-conditioned glioma cells (Figures 6C and 6D; Fig-
ures S3C and S3D). HNRNPA1 knockdown had no effect on glioma
pri-miR-1246 expression, suggesting that hnRNPA1 does not regu-
late miR-1246 transcription (Figure S3E). In addition, the amount
of miR-1246 transferred from glioma to MDSCs via exosomes was
reduced when hypoxia-conditioned glioma cells were transfected
with si-HNRNPAI (Figure 6E).

We next predicted the potential hnRNPA1 binding sequence in miR-
1246, using an online database (RBPDB, http://rbpdb.ccbr.utoronto.
ca/; threshold = 0.7),>? and identified a potential site “UAGGUA,”
the mutation of which interrupted the interaction between hnRNPA1
and miR-1246 (Figure 6F). We further showed that hypoxia induces
hnRNPA1 expression in U87MG and P3 cell lines and their exo-
somes. To determine whether hypoxia drives exosomal miR-1246
packaging through HIF-1a, we knocked down HIFIA expression in
U87MG/P3 cells with siRNA (si-HIFIA). Compared to the control
group, hypoxia did not upregulate hnRNPA1 expression in glioma
cells and GDEs in the si-HIFI1A group, indicating that hypoxia medi-
ates hnRNPA1 expression via HIF-1a (Figure 6G).

2-Methoxyestradiol inhibits glioma exosome production and
exosomal miR-1246 expression

2-ME2 is a natural estrogen metabolite that exhibits antiproliferative
and antiangiogenic activity by inducing apoptosis and inhibiting HIF-
1o, and tumor microtubules.”* 2-ME2 inhibits the cellular accumula-
tion of HIF-10. under both normoxic and hypoxic conditions.** The
efficacy of 2-ME2 in treating recurrent glioma has been demonstrated
in early-phase clinical trials (Kirkpatrick et al., 2007, Am. Soc. Clin.
Oncol., abstract). Since our study demonstrated that hypoxia-medi-
ated GDE miR-1246 expression is HIF-1o. dependent and it has
been reported that the microtubule network is required for transport
of exosomes to the plasma membrane (Granger et al;>> Pederson
etal, 2021, Am. Assoc. Cancer Res., abstract), we sought to determine
whether 2-ME2 inhibits GDE miR-1246 expression and the subse-
quent functional propagation of MDSCs.

We first incubated normoxic and hypoxic glioma cells with 2-ME2
(50 uM, MedChemExpress, USA). Exosomes were isolated from
glioma cell culture medium after 2-ME2 treatment and used to
stimulate PBMCs. Compared to H-GDEs, 2-ME2-treated H-
GDE:s resulted in less monocyte differentiation into MDSCs with
weaker MDSC-mediated T cell suppression (Figures 7A and 7B).
Moreover, 2-ME2 reduced miR-1246 expression in H-GDEs and
the release of GDEs from glioma cells (Figures 7C and 7D).
Vincristine can also induce depolymerization of microtubules
and was used as a positive control. Consistent with our findings
that GDE miR-1246 expression is mediated by HIF-1a-dependent
pathways (POU5F1 and hnRNPA1), 2-ME2 inhibited the hypoxia-
mediated POU5F1 and hnRNPA1 upregulation (Figure 7E). It has
been reported that hypoxia increases PD-L1 expression in MDSCs
in a HIF-lo-dependent manner."> Activated MDSCs express high
levels of PD-L1, which interacts with PD-1 on T cells to induce
T cell exhaustion. We found that 2-ME2 treatment reduced hypox-
ia-mediated PD-L1 expression in MDSCs and reversed the T cell
exhaustion effect (Figure 7F).

We also studied the effect of 2-ME2 on GDE miR-1246 in a glioma
xenograft mouse model (Figure 7G). Plasma exosomes, splenocytes,
and glioma xenografts were collected from mice treated with DMSO
(vehicle) or 2-ME2 (200 mg/kg/day). 2-ME2 reduced exosomal miR-
1246 levels and the number of splenic and tumor-infiltrating MDSCs
(Figures 7H-7]J; Figure S4A). Our previous research showed that cyto-
chalasin D, an actin polymerization inhibitor, impairs exosome uptake
by MDSCs.*® Since 2-ME2 inhibits microtubule function, it may impair
exosome uptake by MDSCs. To confirm whether 2-ME2 inhibits the
uptake of glioma exosomes by MDSCs, we incubated 2-ME2-treated
MDSCs with PKH67-labeled exosomes for 24 h and found that exosome
uptake was decreased compared to that in the control (DMSO) group
(Figure S4B). The transport of RNAs to exosomes likely depends on
cytoskeletal components. Whether 2-ME2 impairs miR-1246 exosomal
packaging in glioma cells requires further investigation.

Collectively, 2-ME2 interferes with hypoxia-induced MDSC differenti-
ation and immune suppressive function in 3 ways: First, 2-ME2 inhibits
hypoxia-induced miR-1246 transcription and exosomal packaging in
glioma cells. Second, 2-ME2 reduces exosome production by glioma
cells by interfering with microtubules. Finally, 2-ME2 blocks hypoxia-
induced MDSC PD-L1 expression.

DISCUSSION

Here we studied the MDSC induction potential of glioma patient-
derived body fluids from both the central nervous system (CSF)
and blood (plasma). We found that exosomes from both the CSF

Figure 4. Hypoxia-induced exosomal miR-1246 upregulation mediates the functional differentiation of MDSCs
(A) The differentiation of MDSCs was measured after U87MG and P3 N-GDE and H-GDE stimulation. Antagomir-1246 impaired GDE-induced MDSC differentiation. (B) GDE-
induced MDSCs were co-cultured with human peripheral CD8" T cells from healthy volunteers at a 1:2 ratio. Three days later, CD8" T cell proliferation was evaluated via
flow cytometry by monitoring CFSE dilution. One representative experiment is shown. (C) IL-10 and TGF-B production was measured in N-GDE-, H-GDE-, and
H-GDE+antagomir-1246-treated MDSCs. The data are presented as the mean + SD; *p < 0.05, **p < 0.01, **p < 0.001.
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Figure 5. Hypoxia-induced POU5F1 promotes miR-1246 transcription

(A) Levels of pri-miR-1246 in normoxia- and hypoxia-conditioned glioma cells. (B) TransmiR (http://www.cuilab.cn/transmir) prediction of miR-1246 transcription factors. (C)
Levels of TP73, TP63, AR, POU5F1, and FOXAT were measured in normoxia- and hypoxia-conditioned U87MG cells. (D) The expression of miR-1246 was measured in
POUS5F1 and AR knockdown hypoxia-stimulated glioma cells. (E) The expression of miR-1246 was examined in control and POU5F 1 knockdown hypoxia-conditioned GDEs.
(F) The expression of pri-miR-1246 was examined in control and POUSF1 knockdown hypoxia-conditioned glioma cells. (G) Computational prediction of POU5F1 binding
sites (S1-89) in the miR-1246 regulatory region and confirmation of POUSF1 binding to candidate miR-1246 sites via ChIP-gPCR analysis in hypoxia-conditioned U87MG
cells. (H) Dual-luciferase reporter assay demonstrating the luciferase activity of the wild-type, S1 deletion, S7 deletion, and S1+S7 deletion miR-1246 promoter in U87MG
cells transfected with si-NC or si-POU5FT (n = 4 for each group). (I) POU5SF1 protein levels were measured in normoxia- and hypoxia-conditioned U87MG and P3 cells. HIF1A
knockdown inhibited the hypoxia-induced POUSF1 expression. The data are presented as the mean + SD; *p < 0.05, **p < 0.01, **p < 0.001.
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Figure 6. Hypoxia-inducible hnRNPA1 selectively packages miR-1246 into exosomes

(A) In the pull-down assay,”’

biotinylated miR-1246 was pulled down with protein lysates from wild-type (WT) HCT116 cells. Proteins pulled down with miR-1246 were

analyzed with mass spectrometry. The top 10 identified proteins are displayed in the table. (B) The expression of the top 10 proteins in the pull-down assay was examined by
quantitative real-time PCR in hypoxia- and normoxia-stimulated U87MG glioma cells. (C) The expression of miR-1246 in hypoxia-stimulated HNRNPAT, HNRNPU, and DCD
knockdown and control U87MG GDEs was examined. (D) The expression of miR-1246 was examined in control and HNRNPA T knockdown hypoxia-stimulated glioma cells.
(E) Monocytes were treated with GDEs derived from Cy3-miR-1246-overexpressing U87 and P3 cells transfected with NC or si-HNRNPAT. The mean Cy3 fluorescence
intensity of treated monocytes was measured. (F) The interaction between hnRNPA1 and miR-1246 was validated by pull-down assays. The binding capacity of hnRNPA1 to
miR-1246 was impaired when UAGGUA was mutated to UAAAUA. (G) The expression of hnRNPA1 was studied in normoxia- and hypoxia-stimulated U87MG and P3 cells
and GDEs. HIF1A knockdown impaired hypoxia-induced hnRNPA1 expression. The data are presented as the mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001.

and blood of glioma patients can induce differentiation and activation
of MDSCs. Glioma-derived exosomes are present in the CSF, where
exosomes could be taken up by local glioma-infiltrating MDSCs,
and in the peripheral circulatory system, where exosomes could
interact with circulating MDSCs in the blood or with MDSC progen-
itors in the bone marrow. Importantly, CSF is in close proximity to
glioma and serves as an ideal reservoir to identify exosome bio-
markers to predict the prognosis of glioma patients and to study

how tumor-secreted exosomes shape the immunosuppressive func-
tion of local MDSCs.”

In this study, we showed that human GDEs are enriched with miR-
1246, miR-151a-3p, and miR-320a, which are not expressed by
mice and therefore were not identified in our previous studies using
mouse GDEs.”>*” Higher expression of exosomal miR-1246 is associ-
ated with pathological grade, distant metastasis, and poor prognosis
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Figure 7. 2-ME2 impairs glioma cell exosome production and exosomal miR-1246 expression

(A) Normoxic and hypoxic exosomes were isolated from glioma cell culture medium after 2-ME2 treatment and used to stimulate PBMCs. (B) MDSCs induced by the 4 types of
GDEsin (A) were co-cultured with human CD8™ T cells. The proliferation of CD8™ T cells was measured by flow cytometry. (C) The expression of miR-1246inthe 4 types of GDEs
in (A) was measured by quantitative real-time PCR. (D) The U87MG GDE concentration was measured with ZetaView after control (DMSO), 2-ME2, and vincristine (50 nM,
MedChemExpress) treatment. (E) The expression of hnRNPA1 and POU5F1 in normoxic and hypoxic U87MG cells treated with 2-ME2 was measured by immunoblotting. (F)
PD-L1 expression and T cell suppression assay of MDSCs isolated from GBM patient peripheral blood treated with hypoxia and 2-ME2 (n = 5 for each group). (G)
Bioluminescence images and the corresponding quantification of U87MG glioma in mice treated with control (DMSO) or 2-ME2 (n = 5 for each group). (H) Plasma exosomal
miR- 1246 levels were measured with quantitative real-time PCR (n = 5 for each group). (land J) The percentage of Cd11b*Ly6c* M-MDSCs in the spleen and tumors of glioma-
bearing mice was measured (n = 5 for each group). The data are presented as the mean + SD; *p < 0.05, **p < 0.01, **p < 0.001.
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in various cancer types.”*' The roles of miR-1246 in modulating
MDSC function and induction in cancer have not been reported.
Here, we uncovered that miR-1246 present in glioma patient CSF
and plasma exosomes promotes the differentiation of monocytes
into MDSCs, as well as the immunosuppressive function of MDSCs.
In addition, glioma local hypoxia promotes monocyte differentiation
and MDSC function by enriching miR-1246 in GDEs and directly
enhancing the immunosuppressive function of MDSCs.

We found that hypoxia induces the enrichment of miR-1246 in GDEs
by increasing the production of mature miR-1246 and selective exo-
somal packaging of miR-1246. To identify the protein that interacts
with mature miR-1246 and modulates its packaging, we analyzed
the published miR-1246 binding partner dataset’" and determined
that hnRNPA1 selectively binds miR-1246. To exclude the possibility
that hnRNPA1 promotes transcription and splicing of miR-1246, we
knocked down HNRNPA I expression in U87MG and P3 cell lines and
examined pri-miR-1246 expression in glioma cells and miR-1246
expression in their GDEs. Only GDE miR-1246 was reduced after
HNRNPAI knockdown, whereas the cellular pri-miR-1246 levels
were not changed, supporting our hypothesis that hnRNPAI1 only
promotes the packaging of miR-1246 into GDEs. In addition, we
found that the expression of miR-1246 in glioma cells was increased,
which could be caused by reduced exosomal miR-1246 packaging and
the subsequent intracellular accumulation of miR-1246. This finding
is intriguing because researchers could inhibit the expression of spe-
cific sorting proteins of some tumor suppressor miRNAs, which
would cause accumulation of tumor suppressor miRNAs in cells
and inhibit tumor progression, potentially providing an avenue of
treating brain tumors.

Glioblastoma 1is resistant to conventional chemotherapy partially
because of the complex immune microenvironment. Thus, it is essen-
tial to identify therapeutic agents that target the immunosuppressive
environment of glioblastoma. 2-ME2, a natural metabolite of estradiol,
has been reported to inhibit tumor growth and angiogenesis by inhib-
iting HIF activity and microtubules.”* This drug showed potent anti-
glioblastoma activity in preclinical models, and multiple studies have
highlighted its potential as an antitumor agent.”>”’ 2-ME2 has
completed phase I/II clinical trials for recurrent glioblastoma
(Kirkpatrick et al., 2007, Am. Soc. Clin. Oncol., abstract). We identi-
fied an antiglioma mechanism by which 2-ME2 blocks hypoxia-
induced MDSC functional proliferation at three levels. First, 2-ME2
blocks HIF-1a-induced exosomal miR-1246 transportation from gli-
oma cells to M-MDSCs. Second, 2-ME2 impairs glioma-derived exo-
some release by interfering with microtubules. Third, 2-ME2 directly
inhibits hypoxia-induced PD-L1 expression in M-MDSCs, which re-
duces the T cell suppressive effect of M-MDSCs.

In summary, the glioma patient body fluid exosomal miR-1246-
induced MDSC functional expansion elucidated in this study high-
lights how local tumor hypoxia contributes to the formation of an
immunosuppressive tumor microenvironment. Our study identified
miR-1246 as a potential miRNA biomarker for monitoring glioma

recurrence. These findings offer opportunities to manage glioma
patients by targeting the tumor immune microenvironment.

MATERIALS AND METHODS

Patient sample collection

The glioma patient CSF samples for exosome miRNA sequencing
were isolated from 21 glioma patients who were admitted to Qilu
Hospital of Shandong University from November 2017 to October
2019. The glioma patient CSF and plasma samples used to stimulate
human monocytes were isolated from 4 glioblastoma multiforme
(GBM) patients admitted to Qilu Hospital of Shandong University
from November 2017 to August 2019. The four normal CSF samples
used for stimulating human monocytes were obtained from shunt
procedures for normal pressure hydrocephalus (NPH) patients in
the Department of Neurosurgery of Qilu Hospital of Shandong
University. All glioma patients had received surgical resection of
gliomas. The study was approved by the Clinical Research Ethics
Committee of Qilu Hospital of Shandong University, and written
informed consent was obtained from all patients.

Cell culture

The human glioma cell lines U87MG, U251, and A172 were pur-
chased from the Chinese Academy of Sciences Cell Bank and cultured
in DMEM containing 10% fetal bovine serum (FBS). The human pri-
mary glioblastoma cell line P3 was a kind gift from Dr. Rolf Bjerkvig,
University of Bergen, and cultured in neurobasal medium (Gibco,
USA) supplemented with GlutaMAX (2 mM), B-27 supplement
(Ix), and basic fibroblast growth factor and epidermal growth factor
(20 ng/mL). Normoxia- or hypoxia-treated cells were established by
culturing cells in incubators containing 21% or 1% O, for 48 h. All
cell lines were validated by short tandem repeat profiling.

Exosome isolation from plasma, CSF, and cell culture
supernatant

All exosome isolation steps were conducted according to the minimal
information for studies of extracellular vesicles (MISEV) guidelines.‘%/1
CSF and plasma samples from glioma patients and healthy volunteers
in Qilu Hospital of Shandong University were collected and stored in
liquid nitrogen. Plasma was diluted 1:1 with 1x PBS before centrifu-
gation. Culture supernatant was collected from glioma cells cultured
under normoxic or hypoxic conditions in DMEM supplemented with
10% exosome-depleted FBS for 48 h. Plasma, CSF, and glioma cell
culture medium was centrifuged at 2,000 x g for 30 min and
12,000 x g for 45 min and filtered through a 0.22-pum filter to remove
cell debris and large vesicles. The collected supernatant was centri-
fuged at 110,000 x g for 70 min. After the supernatant was removed,
the pellet was washed with PBS and centrifuged at 110,000 x g for
70 min. Exosomes were collected and resuspended in 20-50 pL of
PBS for further study.

Characterization of exosomes

CSF-, plasma-, and glioma cell-derived exosomes were first loaded
onto carbon-coated electron microscopy grids (with membranes)
and incubated for 10 min. Next, excess exosomes were removed,
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and one drop of 3% glutaraldehyde was placed on the grids for 5 min.
The grids were washed with distilled water for 2 min, and a total of
five washes were performed. The grids were then incubated with
4% uranyl acetate solution for 10 min and 1% methylcellulose solu-
tion for 5 min. Finally, the grids were dried and observed with a
TEM 1011 electron microscope at 80 kV (JEOL-1200EX). Exosome
particle size and concentration were analyzed with a ZetaView system
(Particle Metrix, Germany).

Exosome uptake assay

Exosomes were labeled with PKH67 (Sigma-Aldrich, USA) according
to the manufacturer’s protocol. PKH lipophilic dyes are fluorescent,
and their aliphatic domains intercalate into lipid bilayers, such
that exosomes stained with PKH67 can be visualized via fluorescence
microscopy. The PKH67-labeled exosomes were incubated with
monocytes. Once the PKH67-labeled exosomes are internalized by
monocytes, the fluorescence signal from PKH67 can be observed within
the recipient cells. Briefly, exosomes were reconstituted in 50 pL of PBS
before 1 mL of Diluent C was added. Four microliters of PKH67 dye was
added to 1 mL of Diluent C before being added to the exosomes. The
samples were mixed gently for 4 min. To neutralize the excess dye,
the PKH67-labeled exosome solution was mixed with 3 mL of 0.5%
BSA and centrifuged at 100,000 x g for 1 h. The exosome pellet was
resuspended in PBS and added to the culture medium of human
monocytes. The monocytes were then fixed and examined under a
fluorescence microscope.

Peripheral blood mononuclear cell and monocyte isolation
PBMC:s were isolated from the venous blood of healthy donors and
patients with lymphocyte separation medium (LTS1077, TBD,
China). Blood was separated with standard density gradient centrifu-
gation (30 min at 500 x gat 21°C), and the PBMC layer was carefully
transferred to another tube. CD14" monocytes were separated from
PBMCs with CD14 MicroBeads (Miltenyi Biotec, Germany) accord-
ing to the manufacturer’s protocol. Purity (>95%) was confirmed by
flow cytometry.

MDSC induction

PBMC:s (5 x 10°) from healthy donors were cultured in 12-well plates
with 0.5 mL of exosome-depleted RPMI 1640 complete medium.
CSF-, plasma-, or glioma cell-derived exosomes (10 pg) were added
to the culture medium and co-cultured with PBMCs for 72 h. In
the miR-1246 validation experiment, human PBMCs were transfected
with antagomir-1246 for 6 h before 72 h of exosome stimulation.
PBMCs were examined via flow cytometry after the co-culture.

Transfection with miRNA mimics, antagomir, siRNA, and
lentivirus

The miRNA mimics, control mimics, antagomir-1246, and siRNA
(si-DUSP3, si-HIF1A, si-POU5F1I, and si-HNRNPA 1) were purchased
from GenePharma (China). The miR-1246 overexpression lentivirus
and negative control lentivirus were synthesized by GeneChem
(Shanghai, China). All the sequence information is listed in Table
S4. Monocytes were transfected with the following 12 miRNAs:
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miR-1246, miR-100-5p, miR-21-5p, miR-378a-3p, miR-151a-3p,
miR-99a-5p, miR-92a-3p, miR-10b-5p, miR-25-3p, miR-30d-5p,
miR-10a-5p, and miR-423-5p. Briefly, 5 x 10° monocytes were
cultured in a 12-well plate with 0.2 mL of RPMI 1640 medium con-
taining FBS. HiPerFect Transfection Reagent (QIAGEN, Germany)
(6 uL) was mixed with 100 nM mimics or siRNA in 200 uL of
RPMI 1640 without FBS for 10 min, and the mixture was added to
the cultured monocytes. 4 h later, 400 pL of medium containing
FBS was added. Monocytes were collected for subsequent experi-
ments 2 days later.

Flow cytometry

For the MDSC differentiation assay, PBMCs were stained with anti-
CD14-APC (eBioscience, USA) and anti-HLA-DR-PE (eBioscience)
antibodies. For the MDSC PD-L1 assay, HLA-DR negative cells
were separated from GBM patient PBMCs with anti-HLA-DR
MicroBeads (Miltenyi Biotec) and stained with anti-CD14-APC
and anti-PD-L1-PerCP-eFluor 710 antibodies (eBioscience). Flow
cytometry was performed with a BD Accuri C6 flow cytometer, and
data were analyzed with FlowJo V10 software.

T cell suppression assay

CD14-depleted PBMCs were labeled with 2.5 uM carboxyfluorescein
diacetate succinimidyl ester (CFSE) and stimulated with coated anti-
CD3 (1 pg/mL, eBioscience) and soluble anti-CD28 (1 pg/mlL,
eBioscience) antibodies. Exosome-induced monocytes or miR-1246
mimics/si-DUSP3-transfected monocytes were cultured with these
cells at a ratio of 1:2 in a U-bottom 96-well plate. Three days later,
the cells were stained with anti-CD8-APC antibody and analyzed
for CFSE dilution.

Cytokine production

The concentrations of the suppressive cytokines IL-10 and TGF-p in
the culture medium of exosome-induced monocytes were measured
with ELISA kits (Proteintech, USA) according to the manufacturer’s
protocol.

RNA extraction and quantitative real-time PCR

Exosomal RNA was extracted with a SeraMir Exosome RNA Extraction
Kit (System Biosciences, USA), and cellular RNA was extracted with
TRIzol (Invitrogen, USA) as previously described.*® Reverse transcrip-
tion was performed with a ReverTra Ace qPCR RT kit (FSQ-101,
Toyobo, Japan). Quantitative PCR was conducted with TB Green
Premix Ex Taq (Takara, Japan) on a Roche Light Cycler 480. U6 was
used as endogenous control. The primers used are listed in Table S5.

Western blotting

Protein was extracted from cells and exosomes with RIPA lysis buffer
containing protease inhibitor cocktail (Sigma-Aldrich). Antibodies
against the following proteins were used: B-Actin (8457, Cell Signaling
Technology, USA), GAPDH (5174, Cell Signaling Technology), Cal-
nexin (2679, Cell Signaling Technology), TSG101 (ab125011, Abcam,
UK), CD9 (EXOAB-CD9YA-1, System Biosciences), POU5F1 (11263-
1-AP, Proteintech), hnRNPA1 (sc-32301, Santa Cruz Biotechnology),
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HIF-1a (361698, Cell Signaling Technology), ERK (16443-1-AP, Pro-
teintech), p-ERK (9101S, Cell Signaling Technology), p-STAT5
(4322T, Cell Signaling Technology), STAT5 (94205S, Cell Signaling
Technology), and DUSP3 (ab125077, Abcam).

Chromatin immunoprecipitation assay

ChIP assays were performed with an EZ-Magna ChIP A/G Chro-
matin Immunoprecipitation Kit (17-10086, Millipore, USA) and
anti-POUS5F1 antibody (ab181557, Abcam). Immunoprecipitated
DNA fragments were quantified with qPCR. The primers used are
listed in Table Sé6.

miRNA target prediction and luciferase reporter assay

The online miRNA prediction tools miRDB (http://mirdb.org/),
TargetScan (http://www.targetscan.org/vert_72/), and microRNA.
org (http://www.microrna.org) were used to predict targets of miR-
1246. The reporter genes containing pGL3-DUSP3-wt and pGL3-
DUSP3-mut were synthesized by Bio-Asia (Jinan, China). Monocytes
were transfected with the wild-type/mutant luciferase reporter and
miR-1246 mimics. Two days later, a dual-luciferase reporter assay
kit (Promega, USA) was used to perform luciferase assays.

Biotin miRNA pull-down assay

Cytoplasmic extracts were isolated from U87MG cells with a PARIS
Kit (AM1921, Invitrogen, USA) and incubated with 100 pmol of
biotinylated miR-1246 for 4 h at 4°C. Washed streptavidin magnetic
beads (20164, Thermo Scientific, USA) were added and incubated
with the extracts for another 4 h at 4°C. Beads were washed 5 times
and mixed with loading buffer, followed by western blot analysis.

Animal studies

Luciferase-labeled glioma U87MG (miR-NC and miR-1246 overex-
pressing) cells (10°%/mouse) were injected into the brains of nude
mice. Seven days after glioma implantation, 2-ME2 was injected
intraperitoneally (200 mg/kg/day for 14 days). Bioluminescence was
analyzed with a Spectrum In Vivo Imaging System (IVIS)
(PerkinElmer). Blood, glioma tissue, and the spleen were harvested
for further analysis after the last injection. All procedures that
involved mice were approved by the Animal Care and Use Committee
of Qilu Hospital of Shandong University.

Exosomal miRNA transportation assay

Cy3-labeled miR-1246 was purchased from GenePharma. GDEs were
isolated from the supernatant of U87MG and P3 cells transfected with
Cy3-labeled miR-1246 and used to treat monocytes. Two days later,
the monocytes were collected and stained with DAPI and fluorescein
isothiocyanate (FITC)-phalloidin.

Statistical analyses

Data analyses were performed with GraphPad Prism software.
Unpaired two-tailed Student’s t tests were used to determine differ-
ences between two groups. Data for multiple comparisons were
analyzed with one-way analysis of variance (ANOVA). Fisher’s exact
tests were used to compare differences in age, sex, WHO grade,

histology, and surgical methods between recurrent and nonrecurrent
glioma patients. Statistical significance was set at p < 0.05. All data are
presented as the mean values with standard deviation. All experi-
ments were replicated at least three times with similar results.
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Figure S1
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Figure S1. Characterization of exosomes and exosome uptake assay. (A) Representative electron
micrographs of exosomes isolated from CSF, plasma, and glioma cells using differential centrifugation
reveal the typical morphology and size of exosomes. Scale bar, 100 nm. (B) Western blot analysis
showing the presence of the known exosome markers TSG101 and CD9, and the absence of the negative
marker calnexin in isolated exosomes. (C) ZetaView was used to analyze exosome particle size. (D)
Representative confocal microscopy images reveal the internalization of PKH67-labeled exosomes
(green) by monocytes. Scale bar, 5 um. (E) The percentage of CD33 and CD11b positive cells among
exosome-induced CD14"HLA-DR"M-MDSCs (n=3 for each group). The data are presented as the mean

+ SD.
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Figure S2. The expression of miR-1246 in different cells and exosomes. (A) The intensity ratio of the
top 14 miRNAs in H-GDEs versus N-GDEs is presented. (B) The expression level of miR-1246 in human
normal brain tissue, human glioma tissue, mouse brain cortical tissues and mouse glioma cell GL261
was measured by qRT-PCR. (C) The expression of miR-1246 in CD14" monocytes was measured after
P3/U87MG GDE and glioma patient CSF and plasma EXO stimulation. Antagomir-1246 prevented the
upregulation of miR-1246 in monocytes. (D) The expression of GDE miR-1246 was measured in
normoxia- and hypoxia- conditioned glioma cells by qRT-PCR. The data are presented as the mean + SD.
(*) P <0.05, (**) P <0.01, (***) P <0.001.
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Figure S3. The efficiency and effect of small interfering RNAs targeting POU5SF1 and HNRNPAI.
(A) The efficiency of small interfering RNAs targeting POU5F 1 was determined by Western blot. (B)
The expression of miR-1246 was examined in NC and POUS5F [ knockdown hypoxia-conditioned glioma
cells. (C) The efficiency of small interfering RNAs targeting HNRNPA I was determined by western blot
analysis. (D) The expression of miR-1246 was examined in NC and HNRNPAI knockdown hypoxia-
conditioned GDEs. (E) The expression of pri-miR-1246 was examined in NC and HNRNPA I knockdown
hypoxia-conditioned glioma cells. The data are presented as the mean + SD. (*) P <0.05, (**) P <0.01,
(***) P <0.001.



Figure S4

Ctrl
2-ME2
B
Ctrl
§30~ T *
§ 20
2-ME2 2 104 T
£
&
o
S &
(e W’Q

Figure S4. The effect of 2-ME2. (A) Immunofluorescence staining showed that 2-ME2 reduced the
number of tumor-infiltrating CD11b*GR-1" MDSCs. The white arrow denotes CD11b*GR-1* MDSCs
(n=5 for each group). Scale bar, 40 pm. (B) Internalization of PKH67-labeled exosomes (green) by
monocytes was analyzed using confocal microscopy after control (DMSO) and 2-ME2 (50 uM) treatment
(n=3 for each group). The white arrow denotes PKH67-positive cells. Scale bar, 10 um. The data are
presented as the mean + SD. (*) P < 0.05, (**) P <0.01, (***) P <0.001.



Table S1 Patient information

Patient WHO Histology Sex Age Tumour IDH TERT 1p 19q TP53 PTEN ATRX BRAF
ID grade burden mutation promoter deletion deletion mutation mutation Mutation V600E
(em?) mutation mutation
1 v Glioblastoma Male 34 9.53 - - - - + + -
4 1 Anaplastic
Female 38 11.02 RI32H - - - + - + -
astrocytoma
5 I Astrocytoma Female 48 4.44 RI132H - - - + + + -
7 it Anaplastic
Female 33 13.44 RI32H - - - + - + -
astrocytoma
8 I Astrocytoma Female 52 3.46 RI32H - - - - - + -
9 ! Diffuse Total Total
Male 47 5.485 RI32H C228T - - - -
astrocytoma deletion deletion
10 v Glioblastoma Total Total
Female 53 7.84 RI72W - + + -
deletion deletion
11 v Glioblastoma Total
Male 64 9.5 - C250T - + - -
deletion
13 i Astrocytoma Total Total
Male 51 10.43 RI32H - + - - -
deletion deletion
14 I Astrocytoma Total Total
Male 53 6.17 RI32H - - - - -
deletion deletion
15 v Glioblastoma Female 18 11.68 - - - - - - + -
17 1 Anaplastic
Male 42 7.8 - - - - - - - -
astrocytoma
18 1 Anaplastic Total
Male 52 1232 RI172W - - - - - -
oligodendroglioma deletion
19 i Oligodendroglioma Total
Male 60 11.55 - - - - - + -
deletion
20 it Anaplastic
Male 72 10.79 - - + - - - -
astrocytoma
26 v Glioblastoma Female 65 10.64 - C228T - - -
33 v Glioblastoma Male 45 10.81 R132H - - - + - + -
36 il Central
Female 27 10.71
neurocytoma
37 1 Ganglioglioma Female 32 2.86
38 v Glioblastoma Total
Female 66 8.4 - - - - - + -
deletion
42 i Oligodendroglioma Total Total
Female 49 9.56 RI132H - + - + -
deletion deletion

Table S1. Patient information. The patient ID, WHO grade, histology, sex, age, tumour burden, and

gene mutation information of the 21 glioma patients whose CSF exosomes were sequenced.



Table S2 Patient characteristics and surgical details of recurrent and nonrecurrent glioma patients

Patient Prognosis Sex Age | WHO Histology Surgical Duration of Length of time
1D grade methods | hospitalization | from initial CSF
(days) to final
postoperative
CSF monitoring
(days)
4 Recurrence Female 38 111 Anaplastic Gross 24 309
astrocytoma total
resection
5 Nonrecurrence | Female 48 I Astrocytoma Gross 10 43
total
resection
7 Nonrecurrence | Female 33 I Anaplastic Gross 21 170
astrocytoma total
resection
11 Recurrence Male 64 v Glioblastoma Gross 15 252
total
resection
13 Nonrecurrence Male 51 I Astrocytoma Gross 13 404
total
resection
14 Nonrecurrence Male 53 I Astrocytoma Gross 13 297
total
resection
15 Recurrence Female 18 v Glioblastoma Gross 25 379
total
resection
17 Recurrence Male 42 I Anaplastic Gross 20 271
astrocytoma total
resection
18 Recurrence Male 52 it Anaplastic Gross 14 420
oligodendroglioma total
resection
37 Nonrecurrence | Female 32 I Ganglioglioma Gross 14 349
total
resection
42 Recurrence Female 49 I Oligodendroglioma Gross 14 272
total
resection

Table S2. Patient characteristics and surgical details of 11 glioma patients with complete prognosis
information. The information about patient ID, prognosis, sex, age, WHO grade, histology, surgical
methods, duration of hospitalization and length of time from initial CSF to final postoperative CSF

monitoring.



Table S3 Clinical-pathologic characteristics and surgical details of recurrent and nonrecurrent

glioma patients

Clinical-pathologic characteristics Nonrecurrent Recurrent p
and surgical details Value
Age (years) 1.000*
> 45 3 3
<45
Sex 1.000°
Male
Female
WHO grade 0.264*
I
11
m
v
Histology 0.188*

Anaplastic astrocytoma

w
W

S = NN
N W = O

Anaplastic oligodendroglioma
Oligodendroglioma
Astrocytoma

Ganglioglioma

S = W O O =
N O O = =N

Glioblastoma
Surgical methods 1.000?

Gross total resection

()]
(@)}

Subtotal resection 0

Duration of hospitalization (days) 0.147°
Mean, SD 14.20, 4.09 18.67, 5.05
Length of time from initial CSF to final 0.355°
postoperative CSF monitoring (days)
Mean, SD 252.60, 145.70 317.20, 67.65

Note: ® Fisher's exact tests used. ® Unpaired two-tailed Student’s t-tests used.

Table S3. Comparison of clinical-pathologic characteristics and surgical details between recurrent
and nonrecurrent glioma patients. Fisher's exact tests were used to compare differences in age, sex,
WHO grade, histology and surgical methods between recurrent and nonrecurrent glioma patients.
Unpaired two-tailed Student’s t-tests were used to compare differences in the duration of hospitalization
and length of time from initial CSF to final postoperative CSF monitoring between recurrent and

nonrecurrent glioma patients.



Table S4 Sequence of miRNA mimics, antagomir, siRNA and lentiviruses

si-NC UUCUCCGAACGUGUCACGUTT
SiHIF14-1 TACGTTGTGAGTGGTATTATT
SiHIFIA-2 CTGATGACCAGCAACTTGA
SIHNRNPA1-1 CAGCUGAGGAAGCUCUUCA
SLHNRNPA1-2 GGACCCATGAAGGGAGGAA
siPOUSFI-1 UCACCUUCCCUCCAACCAGUUGCCC
siPOUSF1-2 AUCUGCUGCAGUGUGGGUUUCGGGC
SISETDB2 GCAUUUCCCUCUACAUCAUTT
sUFAM53C CCAACUGUGGGAACUCUUUTT
siDUSP3-1 GGUCCUUCAUGCACGUCAATT
siDUSP3-2 UCACAUACCUGGGCAUCAATT

siAR GUGGCCGCCAGCAAGGGGCUC
siHNRNPU AAAGACCACGAGAAGAUCAUG
siDCD GCUCCUGUGAAUCUAACCUTT
miR-NC UUCUCCGAACGUGUCACGUTT

miR-25-3p mimics

CAUUGCACUUGUCUCGGUCUGA

miR-30d-5p mimics

UGUAAACAUCCCCGACUGGAAG

miR-423-5p mimics

UGAGGGGCAGAGAGCGAGACUUU

miR-1246 mimics

AAUGGAUUUUUGGAGCAGG

miR-378a-3p mimics

ACUGGACUUGGAGUCAGAAGGC

miR-21-5p mimics

UAGCUUAUCAGACUGAUGUUGA

miR-92a-3p mimics

UAUUGCACUUGUCCCGGCCUG

miR-100-5p mimics

AACCCGUAGAUCCGAACUUGUG

miR-10b-5p mimics

UAUUGCACUUGUCCCGGCCUG

miR-151a-3p mimics

CUAGACUGAAGCUCCUUGAGG

miR-10a-5p mimics

UACCCUGUAGAUCCGAAUUUGUG

miR-99a-5p mimics

AACCCGUAGAUCCGAUCUUGUG

miR-1246 antagomir CCUGCUCCAAAAAUCCAUU

Negative control | TTCTCCGAACGTGTCACGT

lentivirus

miR-1246 GAGGGAGAATAATCCACATCAAGGGAACTTAGTAATGTGAACCATCA
overexpression ATGAAGTAGGACTGGGCAGAGATAAGAGACATTGCATTTGGAGGCG
lentivirus GTCAGATTTGTATCCTTGAATGGATTTTTGGAGCAGGAGTGGACACC

TGACCCAAAGGAAATCAATCCATAGGCTAGCAATCAACCTATTTTTTG
TTTTTGTAGCATTTGATCGTTATCGAGTTTTGCTGAATCCTACTTCTCT
CTTTGTAAAACGGCTAGCTAAGC

Table S4. Sequences of miRNA mimics, antagomir, siRNA and lentiviruses.




Table S5 Sequence of PCR primers

POUSF1 forward
POUSF1 reverse

5’-AACCCACACTGCAGCAGATCA-3’
5’-CTCGTTGTGCATAGTCGCTG-3’

TP63 forward
TP63 reverse

5’-GGAACAGCCATGCCCAGTAT-3’
5’-CGGTTCATCCCTCCAACACA-¥’

TP73 forward
TP73 reverse

5’-CCGCGTGGAAGGCAATAATC-3’
5’-ATGATGATGAGGATGGGCCG-3’

FOXA1I forward
FOXAI reverse

5’-CTACTACGCAGACACGCAGG-¥
5’-TCATGTTGCCGCTCGTAGTC-3’

AR forward 5’-TGTAAGGCAGTGTCGGTGTC-3’
AR reverse 5’-GAAGCTGTTCCCCTGGACTC-3’
ACTB forward 5’-CATGTACGTTGCTATCCAGGC-3’
ACTB reverse 5’-CTCCTTAATGTCACGCACGAT-3’

TGFB1 forward
TGFBI reverse

5’-GCAACAATTCCTGGCGATACC-3’
5’-ATTTCCCCTCCACGGCTCAA-3’

HLA-DRA forward
HLA-DRA reverse

5’-CCCTGTGGAACTGAGAGAGC-3’
5’-CGGAAAAGGTGGTCTTCCCT-3’

STAUI forward
STAUI reverse

5’-GTTGTTGTATGGGGGCACCT-3’
5’-CAGTTGCTCAGAGGGTCTCG-3’

DSP forward
DSP reverse

5’-TGAAAACCTGCTGAAAGCGTC-3’
5’-GCCTCCTGTTTCTGAGCGAT-3’

ACTNI forward
ACTNI reverse

5’-GCATGGTGTAACTCCCACCT-3’
5’-CATCCCGGAAGTCCTCTTCG-3’

HNRNPA1 forward
HNRNPAI reverse

5’-TTTGGACCCATGAAGGGAGGAA-3’
5’-GCAAAGTATTGGCCTCCACCG-3’

HRNR forward
HRNR reverse

5’-TACGTTGAACAAGGCAGAGC-3’
5’-ATTACGAGCCTGAACCAGCTT-3

PPPIRYB forward
PPPIRYB reverse

5’- TGGACGTCGTGGTGCGCTTC -3’
5’- CGTCGTCCTCCTCCAGGGCA -3’

HNRNPULI forward
HNRNPULI reverse

5’-CCAGCACCTTCCCCTTAGTG-3’
5’-GGTTGGAGGCTGCATGTTTG-3’

HNRNPU forward 5’-AGGAAGTTCTTGCTGGACGG-3’
HNRNPU reverse 5’-GGCCCCTTTGGTCCTCTAAC-3’
DCD forward 5’-GAACCCTTGCCATGAAGCAT-3’
DCD reverse 5’-CTTGGCTTTGGTGCCTGTCTC-3’

HNRNPA2B]1 forward
HNRNPA2BI reverse

5’-AGACTGTGTGGTAATGAGGGA-3’
5’-GCTACAGCACGTTTTGGCTC-3’

Pri-miR-1246 forward

Pri-miR-1246 reverse

5’-TGAAGTAGGACTGGGCAGAGA-3’
5’-TTTGGGTCAGGTGTCCACTC-3’

Table S5. Primer sequences for RT-qPCR analysis.




Table S6 Sequence of ChIP assay primers

S1 forward 5’-CACCTCTTAACGTTTGCTAACTGC-3’
S1 reverse 5’-CCCCATGTCTTCAGGTGGTAA-3’

S2 forward 5’>-TGGTCCCATTACAATGTTGCTC-3’

S2 reverse 5’-AATCATCCTTTCATGTGCGTGGG-3’
S3 forward 5’-TACTACACTGCAGCATCCTTGA-3’

S3 reverse 5’-TGGAACAATTCTAAGGGGTGTC-3’

S4 forward 5’-CTTTCCAAAGTTAATTCCCAACCT-3’
S4 reverse 5’-ACCACAATTATCAGAGAAGCCAAAC-3’
S5 forward 5’-GCAGAGGAGGTTGGAACAGAAT-3’
S5 reverse 5’-TGGGGCTACCTTGAAAAGAGTTT-3’
S6 forward 5’-GGGTGGACAGCATGTGAAGT-3’

S6 reverse 5’-CCACTTAGTTGCAAATCCGTACATT-3’
S7 forward 5’-GCAAAAATTAATACATGCCTTGCC-3’
S7 reverse 5’-CTGCTCTCTCGACACTGACC-3’

S8+S9 forward 5’-CCACACAGAGGATCTGAACACCT-3’
S8+S9 reverse 5’-GCCATCTGCTCCAGGAATAAACA-3’

Table S6. Primer sequences for ChIP assay.
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