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LILRB2-containing small extracellular vesicles from glioblastoma
promote tumor progression by promoting the formation
and expansion of myeloid-derived suppressor cells
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Abstract

Background Leukocyte immunoglobulin-like receptor subfamily B2 (LILRB2) was reported to be an inhibitory molecule
with suppressive functions. sEVs mediate communication between cancer cells and other cells. However, the existence of
LILRB2 on sEVs in circulation and the function of sSEVs-LILRB?2 are still unknown. This study aims to investigate the role
of LILRB2 in GBM and determine how LILRB2 in sSEVs regulates tumor immunity.

Methods LILRB2 expression in normal brain and GBM tissues was detected by immunohistochemistry, and the effect of
LILRB2 on prognosis was evaluated in an orthotopic brain tumor model. Next, a subcutaneous tumor model was constructed
to evaluate the function of pirb in vivo. The immune cells in the tumor sites and spleen were detected by immunofluores-
cence staining and flow cytometry. Then, the presence of pirb in SEVs was confirmed by WB. The percentage of immune
cells after incubation with SEVs from GL261 (GL261-sEVs) or sEVs from GL261-pirb* (GL261-sEVs-pirb) was detected
by flow cytometry. Then, the effect of pirb on SEVs was evaluated by a tumor-killing assay and proliferation assay. Finally,
subcutaneous tumor models were constructed to evaluate the function of pirb on sEVs.

Results LILRB2 was overexpressed in human GBM tissue and was closely related to an immunosuppressive TME in GBM.
Then, a protumor ability of LILRB2 was observed in subcutaneous tumor models, which was related to lower CD8 + T cells
and higher MDSCs (myeloid-derived suppressor cells) in the tumor and spleen compared to those of the control group. Next,
we found that pirb on sEVs (sEVs-pirb) inhibits the function of CD8 + T cells by promoting the formation and expansion of
MDSCs. Furthermore, the protumor function of sEVs-pirb was demonstrated in subcutaneous tumor models.

Conclusion We discovered that LILRB2/pirb can be transmitted between GBM cells via sEVs and that pirb on sEVs induces
the formation and expansion of MDSCs. The induced MDSC:s facilitate the formation of an immunosuppressive TME.
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Graphical Abstract
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Background

Glioblastoma (GBM) is a lethal disease of the central nervous
system [1]. Although surgery and radiochemotherapy have
been used as first-line therapies in the clinic, the overall sur-
vival is still less than 14 months [2]. Multiple types of treat-
ments have been explored to improve the prognosis of GBM
patients over the past decade, especially immunotherapy [3,
4]. Immunotherapy with checkpoint inhibitors is becom-
ing a promising treatment in some tumors by reversing the
suppression of CD8+ T cells [5, 6]. However, the benefit of
immune checkpoint blockade (ICB) therapy for GBM is still
limited because of the immunosuppressive tumor microen-
vironment (TME) [7]. Although studies have shown that the
outcome of immunotherapy can be enhanced by reverting the
immunosuppressive TME, more effort is needed to determine
the formation mechanism of the immunosuppressive TME to
improve the prognosis of GBM patients.

The immunosuppressive TEM of GBM mainly consists
of brain-resident microglia, tumor-associated macrophages
(TAMs), myeloid-derived suppressor cells (MDSCs) and
regulatory T (Treg) cells [8]. Although the formation
mechanisms of this immunosuppressive TME are not com-
pletely understood, studies have shown that tumor-induced
MDSCs play a pivotal role in this process [9, 10]. MDSCs
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are immature myeloid cells derived from bone morrow that
accumulate in lymphoid organs, tumor sites and periph-
eral blood circulation [11] and characteristically express
CDI11b+ Gr-1+in mice and CD11b + CD33 +in humans
[12]. These cells exert their immunosuppressive function
by releasing immunomodulatory cytokines and inhibiting
T cells [13]. Evidence suggests that MDSCs can differenti-
ate into TAMs in tumor sites, resulting in an elevation of
IL-10 and inhibition of T-cell function [14]. Another study
showed that MDSCs promote the formation and expansion
of Tregs in tumor model mice [15]. Furthermore, the level
of circulating MDSCs was significantly increased in GBM
patients compared with healthy donors, and the average
level of MDSCs also increased significantly with the tumor
grade. Moreover, the immunotherapy response and prog-
nosis of GBM patients can be significantly improved by
reducing MDSCs in the TME [16]. We speculate that the
increased MDSCs in the circulation of tumor patients may
be related to the level of infiltrated MDSCs in the TME.
LILRB2 (leukocyte immunoglobulin-like receptor sub-
family B2) is also named immunoglobulin-like transcript 4
(ILT4), and PirB is the only orthologous gene in mice. Pre-
vious research has shown that LILRB2 is mainly expressed
in myeloid cells [17]. Recently, studies have shown that
LILRB2 was upregulated in lung adenocarcinoma tissues
and correlated with reduced CD8 + T-cell infiltration,
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advanced disease progression and poor prognosis [18].
Another study showed that LILRB2 inhibits the function
of CD8 + T cells, while downregulating the expression
of LILRB2 impaired the recruitment of tumor-associated
macrophages [19]. However, the function of pirb/LILRB2
in GBM remains to be elucidated.

Recently, small extracellular vesicles (sEVs) have
attracted increased attention as a kind of novel cell com-
munication that exerts their function by carrying bioactive
molecules [20]. Importantly, tumor cell-derived sEVs play
a pivotal role in the progression of tumors. The secreted
sEVs transport TGFp from cancer cells to normal stromal
fibroblasts, transforming fibroblasts into myofibroblasts
[21], and a favorable tumor microenvironment was gener-
ated by carrying pyruvate kinase type M2 [22]. GBM cell-
derived sEVs (GBM-sEVs) are an important way for GBM
cells to communicate with other cells, including immune
cells [23]. Studies have shown that tumor-derived sEVs
participate in the induction of MDSCs [24], and MDSC-
like properties can be induced in monocytes by exposing
them to glioma cells [9]. However, the function of LILRB2
in GBM cells in MDSCs has yet to be determined.

In this study, we proposed that the secreted LILRB2 on
GBM-sEVs suppresses the immune system via MDSCs and
that the induced MDSC:s in the circulation can infiltrate the
TME, exerting their immunosuppressive function. Here, we
speculate that LILRB2 will be a therapeutic target in the
immunotherapy of GBM.

Methods
Bioinformatics analysis

The gene expression profile of LILRB2 in GBM and normal
brain samples was obtained from GEPIA (http://gepia.can-
cer-pku.cn/), while the gene expression profile of LILRB2 in
different grades (WHO II, WHO III and WHO 1V) of glioma
was obtained from CGGA (http://www.cgga.org.cn/).

Patients and samples

GBM samples (n=3) were collected from GBM patients
without chemotherapy and radiotherapy. Normal brain tis-
sues were collected from injured brain tissue. All these
samples were collected in the Second Affiliated Hospital of
Soochow University and approved by the ethics committee
of the Second Affiliated Hospital of Soochow University.

Immunohistochemistry (IHC) analysis

The collected tissues were fixed immediately in 4% para-
formaldehyde solution and embedded in optimal cutting

temperature (OCT) compound. The samples were cut into
Sects. (10 pm) with a freezing microtome (Leica CM 1950;
Leica Biosystem, Heidelberg, Germany). The sections were
permeabilized with 0.1% Triton X-100 and blocked with 5%
bovine serum albumin (BSA), followed by incubation with
primary antibody and second antibody and staining with a
DAB kit (Servicebio, China). The samples were imaged by
DM6 microscopy (Leica, Germany). The antibodies used in
IHC were as follows: ILT4 (1:200, Santa Cruz); secondary
antibody: anti-mouse-HRP (1:1000, CST). The mean density
(integrated option density/area) of the images was measure
by Image Pro Plus software.

Cell culture

The murine glioblastoma cell line GL261 and the human
glioblastoma cell lines U87 and U251 were purchased from
the Cell Bank of the Chinese Academy of Sciences (Shang-
hai, China). All these cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Corning) containing
10% FBS (Gibco) and maintained at 37 °C in 5% CO.,.

Cell transfection and RNA interference

The pirb-overexpressing lentivirus, pirb-overexpressing
lentivirus with red fluorescence protein and control lenti-
virus were purchased from Vigene Bioscience (Shandong,
China). GL261 cells were plated in 6-well plates at a density
of 5 10° cells/well overnight, and the lentivirus was added
to DMEM (MOI: 50). After 72 h, the infected cells were
screened by puromycin (MCE, American) at a concentration
of 1 pg/mL for 2 weeks. Thus, GL261 cells transfected with
control lentivirus (GL261-LV-nc), GL261 cells transfected
with pirb-overexpressing lentivirus (GL261-pirb*), GL261
cells transfected with pirb-overexpressing lentivirus with
red fluorescence protein (GL261-pirb-RFP) were harvested.

Small interfering RNA (siRNA) targeting pirb was pur-
chased from Bioneer (Korea). Lipofectamine RNAIMAX
Reagents (Thermo Fisher, USA) were used in the transfec-
tion of siRNA in GL261 cells. The expression of pirb was
detected by WB. Thus, GL261 cells transfected with siRNA
of control (GL261-nc), and GL261 cells transfected with
siRNA of pirb (GL261-pirb™) were harvested.

Isolation of macro extracellular vesicles (MVs)
and small extracellular vesicles (sEVs)

EV-depleted FBS was obtained by 18 h ultracentrifugation at
100,000 g [25]. After the cells were cultured in EV-depleted
media for 72 h, conditioned media were collected and cen-
trifuged at 400 X g for 10 min and 2000 X g for 15 min. The
MVs were collected by centrifugation at 15,000 x g for
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30 min, and then, the supernatant underwent ultracentrifu-
gation at 100,000 x g for 75 min at 4 °C (Optima XPN-100
Ultracentrifuge, Beckman Coulter Life Sciences) to col-
lect sEVs. The precipitate was resuspended in sterile PBS,
and the suspension was ultracentrifuged again (100,000 g,
75 min, 4 °C) to collect the sEVs. Thus, the sEVs derived
from GL261 cells (GL261-sEVs), the SEVs from GL261-
pirb + (GL261-pirb-sEVs), the sEVs from GL261-pirb-RFP
(GL261-pirb-RFP-sEVs) were harvested. The obtained sEVs
were stored at — 80 °C.

Blood from control mice and tumor-bearing mice was
collected, mixed with EDTA solution, and centrifuged at
500 g to collect the supernatant. Then, the supernatant was
mixed with PBS of the same volume, and the SEVs were
collected by ultracentrifugation (100,000 g, 75 min, 4 °C).

Western blotting analysis

Cells and sEV samples were lysed with a Radio Immuno-
precipitation Assay (RIPA, Beyotime Biotechnology, China)
with phenylmethanesulfonyl fluoride (PMSF) (10 pL/1 mL)
(Beyotime Biotechnology, China). The protein concentration
was measured by a BCA assay (Beyotime Biotechnology,
China). Then, the protein solution was mixed with load-
ing buffer (Beyotime Biotechnology, China) and boiled at
95 °C for 10 min. Proteins were separated with SDS—PAGE
(Shanghai Epizyme Biomedical Technology, China) and
transferred to a 0.45 pm polyvinylidenedifluoride (PVDF)
membrane (Millipore, American). After that, the membranes
were blocked with 5% (w/v) nonfat milk (Beyotime Biotech-
nology, China) for 90 min and incubated with primary anti-
body followed by secondary antibody. The primary antibod-
ies used for immunoblotting were anti-pirb (1:1000, R&D
Systems, MAB2754), anti-actin (1:1000, Invitrogen, MAS5-
15,739), anti-GM130 (1:1000, Abcam, ab52649), anti-CD63
(1:1000, Abcam, ab134045), anti-CD9 (1:1000, Abcam,
ab92726), and anti-Alix (1:500, Santa Cruz, sc-53540). The
secondary antibodies used for immunoblotting were anti-
mouse IgG, HRP-linked antibody (1:2000, CST, 7076) and
anti-rabbit, IgG, HRP-linked antibody (1:2000, CST, 7074).

Animal model and administration

Four-week-old female nude mice and six-week-old
C57BL/C mice were purchased from SLAC Laboratory
Animal Company (Shanghai, China), and all animal experi-
mental protocols were approved by the Animal Research
Committee of the Soochow University (Approval No.
SUDA20210708A03).

For analysis of the function of pirb in GBM, a subcu-
taneous tumor model was constructed with GL261 cells
(3% 10, 100 pl) or GL261-pirb* cells (3 x 10%, 100 pl) on
the flanks of C57BL/C mice (n=15). The tumor volumes
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were measured by calipers every four days and recorded.
Four weeks later, these mice were killed, and the tumors
were collected.

For survival analysis, an orthotopic brain tumor model
of C57BL/C mice was constructed (n=5). GL261 cells
(1x10%, 1 pL) and GL261-pirb* cells (1x 103, 1 uL) were
injected into the right striatum of C57BL/C mice by a ste-
reotactic instrument. Then, the survival time of these mice
was recorded.

Subcutaneous tumor models were constructed on both
sides of the C57BL/C mice. GL261 cells (3 x 10°, 100 pl)
and GL261-pirb* cells (3 x 10°, 100 pl) were injected into
the left flanks and the right flanks of C57BL/C mice, respec-
tively (n=35). The tumor volumes were measured by calipers
every four days and recorded for four weeks.

For analysis of the function of sEV-pirb-induced MDSCs
in GBM, a subcutaneous tumor model was constructed with
GL261 cells (3% 10%, 100 pl) in the right flank of C57BL/C
mice. MDSCs (1 x 10%) were injected intravenously when
the tumor volume reached 100 mm?>. Three days later, the
tumors were harvested. The presence of MDSCs in tumors
was detected by IF.

For analysis of the function of pirb-sEVs, GL261 cells
(3% 10°, 100 pl) were injected into the flanks of C57BL/C
mice to construct subcutaneous xenograft tumor models.
The tumor-bearing mice were divided into three groups
when the tumor volume reached 100 mm?>. The control group
(n=3) was treated with PBS (100 pL), while the other mice
were treated with GL261-sEVs (1x 10!, 100 pL) or GL261-
pirb-sEVs (1 x 10'!, 100 uL). The treatment was given every
four days 3 times, and the tumor volume was measured with
calipers. The mice were killed sixty days after the interven-
tion, and the tumors were collected. Tumor volumes were
calculated with the formula: tumor volume =L x W2/2.

CCK8 assays

For the proliferation assay, GL261-nc, GL261-pirb* and
GL261-pirb~ cells were plated on a 96-well plate at a density
of 8000 cells/well. Then, the cell viability was measured at
24, 48 and 72 h by a Cell Counting Kit-8 (CCKS; Dojindo)
assay. For the cytotoxicity test, GL261 cells were plated on
a 96-well plate at a density of 8000 cells/well. After 24 h,
GW4869 (10 pM) was added to the DMEM culture medium.
Cell viability was measured at 72 h according to the manu-
facturer’s protocol. The absorbance of each cell sample was
detected at 450 nm using a plate reader (Bio-Rad, USA).

Cell cycle and cell apoptosis assays

GL261-nc cells, GL261-pirb™ cells and GL261-
pirb™ cells were harvested and washed twice with PBS. For
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the cell cycle assay, the cells were stained with PE (Sigma,
25,535-16-4) at a concentration of 10 mg/mL according to
the direction (n=3). For the cell apoptosis assay, the cells
were stained with an Annexin-V/FITC cell apoptosis kit
(BD, America) according to the direction (n=3). Then, the
cells were collected and detected by flow cytometry.

Cell migration and invasion assay

For the migration assay, 5x 10> GL261-nc, GL261-pirb*
cells and GL261-pirb™ cells were seeded in a transwell
plate (n=3). After 24 h, the migrated cells were stained
with crystal violet (Beyotime Biotechnology, China) and
washed with PBS. Finally, the migrated cells were imaged
with DM6 microscopy (Leica, Germany) and analyzed by
Imagel] software. For the invasion assay, Matrigel (Corn-
ing, America) was mixed with PBS at a ratio of 1:8, and the
mixture was added to the upper chamber of the transwell
plate. Then, 5 X 10° GL261-nc, GL261-pirb* and GL261-
pirb™ cells were seeded into the upper chamber (n=3). After
24 h, the invaded cells were stained with crystal violet and
washed with PBS. Finally, the invaded cells were imaged
with DM6 microscopy (Leica, Germany) and analyzed by
Imagel software.

Immunofluorescence staining (IF)

Immune cells in tumor samples were detected by immu-
nofluorescence staining. The samples were cut into pieces
with a thickness of 10 pm and permeated with 0.1% Triton
X-100 followed by blocking with 5% bovine serum albu-
min (BSA) for 1 h. Then, the sections were incubated with
primary antibodies overnight at 4 °C, followed by incuba-
tion with the secondary antibodies for 1 h at room tem-
perature. Finally, the nucleus was stained with 4',6-diami-
dino-2-phenylindole (DAPI, Beyotime Biotechnology,
China). All these samples were observed under a Leica
DM6B (Leica Microsystems, Germany). The primary
antibodies used for immunofluorescence staining were as
follows: CD4 (Biolegend, 1:200), CDS8 (Biolegend, 1:200),
CD11b (Biolegend, 1:200), CD33 (Biolegend, 1:200), and
FOXP3 (Biolegend, 1:200).

Flow cytometry analysis

A single-cell suspension of spleen tissue was prepared as
described previously. Briefly, the collected blood samples
of mice were mixed with EDTA solution and centrifuged
at 500 g. The collected cells were mixed with ACK buffer
(A1049210, Thermo Fisher, USA). For splenocytes treated
with sEVs, the cells were collected and washed twice with

PBS. Next, the white blood cells were obtained by centrifu-
gation. The single cells were stained with antibodies. The
primary antibodies used in flow cytometry were as follows:
CD3 (1:200, Biolegend), CD4 (1:200, Biolegend), CDS8
(1:200, Biolegend), CD11b (1:200, Biolegend), Gr-1 (1:200,
Biolegend), CD25 (1:200, Biolegend), and Foxp3 (1:200,
Biolegend).

Characterization of sEVs

sEVs were characterized according to the guidelines of the
International Society for Extracellular Vesicles [26].

Size Distribution and Particle Concentration: A nanoflow
cytometer (N30 Nanoflow Analyzer; NanoFCM, Inc., Xia-
men, China) was used to detect the diameter and concen-
tration of SEVs from U251 cells (U251-sEVs), sEVs from
U87 cells (U87-sEVs) and GL261-sEVs. For detection of
the particle concentration, standard polystyrene nanopar-
ticles (200 nm, concentration: 1.58 X 10%/mL, NanoFCM,
Inc., Xiamen, China) were used to quantify SEVs. The sEV
concentration was calculated according to the particle num-
ber ratio between the sEV samples and the standard nano-
particles. For size distribution measurement, standard silica
nanoparticles (diameter: 68, 91, 113, 155 nm) were used to
create a standard curve. The sEV samples were diluted and
loaded into a nanoflow cytometer, and the size distribution
was obtained.

Transmission electron microscopy (TEM): The mor-
phology of U251-sEVs, U87-sEVs and GL261-sEVs was
detected by TEM (Hitachi H-7650, Tokyo, Japan). Briefly,
10 pL of sEV solution (2x 10'° particles/mL) was added
onto a Formvar carbon-coated grid (300 mesh) and dried for
20 min. Then, the grid was washed with sterile PBS once
and fixed with 1% (w/v) glutaraldehyde for 5 min. After that,
the grid was washed with deionized (DI) water and stained
with 2% (w/v) saturated aqueous uranyl oxalate for 5 min.
Finally, the sEV-containing grid was dried for 10 min at
room temperature, and the microstructure of the sEVs was
imaged.

The binding assay of sEVs and myelocytes

GL261-sEVs were stained with Dil (10 pM), washed with
PBS twice, and collected with ultracentrifugation. The Dil-
labeled GL261-sEVs were incubated with splenocytes at a
concentration of 1x 10° particles/mL. After 24 h, the spleno-
cytes were fixed with 4% PFA for 30 min. Next, the spleno-
cytes were incubated with antibody followed by incubation
with DAPI. The images were observed by DM6 microscopy
(Leica, Germany). The antibodies used were as follows:
CD11b (1:200, Biolegend).
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Uptake assay

sEVs (1 x 10'° particles/mL) were labeled with 10 pM DiO
(Thermo Fisher, USA) at 37 °C for 20 min, washed with
PBS twice and isolated by ultracentrifugation (100,000 g,
75 min, 4 °C). The DiO-labeled sEVs were added to the
culture medium of spleen cells. Moreover, a parallel con-
trol group was established to eliminate the false positives
induced by free DiO. In the parallel control group, 10 pM
DiO in PBS was processed with the same procedures, the
tube bottom was rinsed with PBS, and PBS was added to
the culture medium. After 12 h, the cells were fixed with
4% paraformaldehyde for 20 min, permeabilized in 0.1%
Triton-X 100 for 10 min, and stained with 4’,6-diamidino-
2-phenylindole (DAPI, Beyotime Biotechnology, China).
The stained cells were imaged with a confocal fluorescence
microscope (Leica Microsystems, Wetzlar, Germany).

T-cell cytolytic assay

For determination CD8 + T-cell-mediated cytotoxic-
ity, PBMCs from mice were obtained from the spleen as
described before, and the obtained mouse PBMCs were
diluted to 5x 10° cells/mL with Roswell Park Memorial
Institute (RPMI) 1640 culture medium containing 10% FBS.
For the cell coculture assay, T cells in PBMCs were stimu-
lated with 10 pg/ml coated anti-CD3 and 2 pg/ml soluble
anti-CD28 for 6 h. Then, the pretreated spleen cell suspen-
sion was mixed with GL261 cells (5 x 10° cells/mL) at a
ratio of 1:2. Next, 100 pL of the cell mixture was plated
in a 96 X well plate. After that, GL261-nc-sEVs (1 X 10°
particles/mL) or GL261-pirb-sEVs (1 x 10° particles/mL)
were added to the cell mixture of 96-well plants. After 72 h,
GL261 cell viability was detected by CCKS assays.

Proliferation assay of CD8 +T cells

A single-cell suspension of spleen was prepared as described
previously. Then, CD8+T cells were isolated with a
MojoSort™ Human CD8 T Cell Isolation Kit according to
the manufacturer’s instructions. Then, the CD8 +T cells were
stained with CFSE (10 pM, Thermo Fisher, USA) for 20 min,
the staining was stopped with RPMI 1640, and the cells were
washed twice with RPMI 1640 medium. The anti-CD3-pre-
treated CD8+T cells were incubated with spleen cells, and
GL261-sEVs or GL261-pirb-sEVs were added to the cul-
ture medium for 48 h. Finally, the treated CD8 + T cells were
washed twice with PBS and detected by flow cytometry.

Isolation of induced MDSCs

The spleen was isolated from C57BL/C mice in a sterile
context, and the isolated spleen was ground and filtered

@ Springer

with a filter (). The single-cell suspension was centrifuged
at 500 x g for 10 min. The supernatant was discarded, and
the cells were resuspended with ACK lysis () for 5 min.
Next, white cells were collected and centrifuged at 500X g
for 10 min. Then, the collected cells were incubated with
GL261-pirb-sEVs (1 x 10° particles/mL) for 72 h. The
induced MDSCs were isolated with an EasySep™ Mouse
MDSC (CD11b+ Grl +) Isolation Kit (Stemcell, 19,867)
and washed twice with PBS. The isolated MDSCs were
intravenously injected into tumor-bearing mice.

MDSC migration assay

For analysis of the migration of the induced MDSCs, 5x 10*
MDSCs were resuspended in 100 pL of low serum medium
in the presence of GL261-LV-nc or GL261-pirb* and plated
in the upper chamber of a transwell plate. Then, 500 pL of
DMEM was added to the lower chamber. After 24 h, the
upper chamber was fixed with 4% paraformaldehyde for
15 min and then stained with 0.1% crystal violet for 10 min.
The images were observed by DM6 microscopy (Leica,
Germany).

Statistical analysis

Statistical analysis was performed with GraphPad Prism
software (version 8.0.1). All results are expressed as the
mean + standard deviation. Statistical analysis was per-
formed using Student's t test for comparisons between
two groups. Differences were considered significant when
*P<0.05, ¥**P <0.01, ***P <0.001, or ****P <0.0001; ns
indicates no statistical significance.

Results

High LILRB2/pirb expression correlated with poor
prognosis

ICB therapy is becoming a promising treatment for tumors,
and the outcome is closely related to the immune TME [27].
Evidence has shown that immunosuppressive proteins are
pivotal in the regulation of the immune TME [28, 29]. We
found that LILRB2 was highly expressed in human GBM
tissues compared to normal human brain tissues (Fig. 1A)
and positively related to pathological grade (Figure S1A).
Subsequently, a greater number of LILRB2-positive cells
was observed in GBM than in normal human brain tissues,
as detected by IHC (Fig. 1B, Figure S1B). Next, we found
that the expression level of LILRB2 in GBM was closely
related to the prognosis of GBM patients. Higher expres-
sion of LILRB2 indicated shorter DFS and OS both in GBM
patients (Fig. 1C) and high-grade glioma patients (Figure
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Fig.1 High LILRB2/pirb expression in GBM correlated with poor
prognosis. A Gene expression profiling analysis of LILRB2 mRNA
in GBM samples (n=163) and normal brain tissues (n=207). B The
statistical analysis of the expression of LILRB2 in normal brain tis-
sues (n=8) and GBM tissues (n=18) detected by IHC. C Kaplan—
Meier analysis of overall survival and disease-free survival of GBM
patients showing high LILRB2 expression (50% cutoff) and low

S1C), demonstrating that LILRB2 is an oncogene that indi-
cates a dismal prognosis in GBM patients.

To explore the functional role of LILRB2 in GBM, we
generated pirb-overexpressing GL261 cells (GL261-pirb),
and the expression of pirb in GL261-pirb was confirmed
by WB analysis (Figure S1D). Then, a subcutaneous tumor
model was established in C57BL/C mice (Figure S1E). The
mean GL261-nc tumor volumes reached 358.85 mm?® at
28 days after implantation, while the mean tumor volumes
of GL261-pirb increased by 100.35% compared with that of
the GL261-nc group (Fig. 1D). Consistently, the mean tumor
weight of GL261-pirb increased by 120.10% compared with
that of GL261-nc (Figure S1F). As the immune microenvi-
ronment in the brain is different from that in other places, the
function of pirb was further evaluated by survival analysis
in an intracranial orthotopic tumor model. The survival time
of the control group was significantly longer than that of the
GL261-pirb* group (Fig. 1E). All these results indicated that
LILRB2/pirb is an oncogene that promotes GBM progres-
sion, resulting in a short survival time.

LILRB2 expression (50% cutoff), the blue line refers to patients with
low LILRB2, brow line refers to the patients with high LILRB2. D
The tumor growth curve of GL261-nc (n=5) and GL261-pirb (n=5).
E The survival times of the intracranial orthotopic tumor model con-
structed by GL261-nc (n=5) or GL261-pirb cells (n=5). *P <0.05,
** P<0.01

The biological function of pirb in GBM

The biological function of pirb in GBM cells was evalu-
ated. First, siRNA was used to downregulate pirb expression
in GL261 cells and verified by WB (Figure S2A). Then,
a CCKS8 assay was conducted in GL261-LV-nc, GL261-
pirb™, GL261-nc and GL261-pirb~ cells. The results of the
CCKB8 assay showed that the viability of GL261 cells was
significantly inhibited by upregulating pirb and promoted
by downregulating pirb (Fig. 2A), which was in contrast
to the in vivo results. Afterward, cell apoptosis was meas-
ured by flow cytometry. We found that there was no sig-
nificant difference in cell apoptosis when the expression of
pirb in GL261 cells changed (Fig. 2B, Figure S2B). Next,
the migration and invasion of GL261-LV-nc, GL261-pirb*,
GL261-nc and GL261-pirb~ cells were evaluated. We found
that there was no significant difference in migration and
invasion (Fig. 2C-D, Figure S2C-D). Based on the paradoxi-
cal results presented, we speculated that pirb may function
through immunity.

Previous studies have shown that LILRB2 functions as
an immunosuppressive protein to induce T-cell senescence
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Fig.2 Pirb promotes GBM progression through an immunosup-
pressive TME. A The proliferation of GL261-LV-nc, GL261—pirb+,
GL261-nc and GL261-pirb™ cells detected by CCKS8 assays at 24,
48 and 72 h. Statistical analysis of cell apoptosis B, migration C and
invasion D in GL261-LV-nc, GL261-pirb*, GL261-nc and GL261-

and suppress tumor immunity [30, 31]. CD8+T cells, the
main antitumor effector, CD4 + T cells, an important regula-
tor, MDSCs, which play a central role in the regulation of
immunosuppression, and Tregs, the main effector in the sup-
pression of immunity, were selected and detected in GBM
tissues. Thus, immunofluorescence staining (IF) was per-
formed in human GBM tissues. Significantly high expression
of CD11b and CD33 was observed in GBM tissues with high
LILRB2 expression, indicating that higher LILRB2 expres-
sion in GBM tissue was related to more MDSCs (Fig. 2E).
Subsequently, the expression of Foxp3 was detected, and the
results indicated that more Treg cells were observed in GBM
tissues with higher LILRB2 expression (Fig. 2F). In addition
to MDSCs and Treg cells, T cells, including CD4 + T cells
and CD8 +T cells, have an important role in tumor rejec-
tion [32]. Fewer infiltrated CD8 + T cells and CD4 + T cells
were observed in human GBM tissues with high LILRB2
expression (Fig. 2G). Thus, LILRB2 is an immunosuppres-
sive protein correlated with the immunosuppressive TME.
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Upregulated pirb expression leads
to immunosuppression

As the previous studies indicated that LILRB2/pirb acted as
a suppressor of immunity [30, 33, 34]. Thus, immunes cells
were detected in the TME and circulation. The Tregs detected
by flow cytometry were gated as shown in Figure S3A [35].
We found that more MDSCs were observed in GL261-pirb*
group than in GL261-LV-nc group (Fig. 3A). Consistently,
more Tregs were detected in GL261-pirb* group than in
GL261-LV-nc group (Fig. 3B). We found more CDS8 + and
CD4 +T cells in the GL261-LV-nc group than in the GL261-
pirb group (Fig. 3C, D). Next, the relationship between
LILRB2 and immune cells in GL261-LV-nc and GL261-pirb™
orthotopic tumors was evaluated by IF. More MDSCs and
Tregs in the GL261-pirb* tumor sites, while fewer CD8 +T
cells and CD4 +T cells were observed (Figure S3B).

The local antitumor immune response can be influenced
by continuous communication of the periphery. Thus, a
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Fig.3 High pirb expression leads to immunosuppression. The per-
centages of MDSCs A, Tregs B, CD8+T cells C and CD4 +cells
D in the tumor sites detected by flow cytometry. The percentages of
CD8+T cells E, MDSCs F, CD4+T cells G and Treg cells H in the

thorough understanding of immune responses to cancer must
encompass immune cells (CD4 + T cells, CD8+T cells,
MDSCs and Tregs) across the peripheral immune system
in addition to within the TME. The percentage of CD8+T
cells in the spleen of the GL261-pirb tumor-bearing mice
decreased significantly compared to that in the GL261-nc
tumor-bearing mice from 10.10% + 0.25% to 4.49% +0.44%
(P<0.0001, Fig. 3E). In contrast, the percentage of MDSCs
in the spleen of the GL261-pirb tumor-bearing mice was
4.54% +0.21%, which was significantly higher than the
2.60% +0.21% in the control group (P <0.0001, Fig. 3F).
Consistently, a significant increase in Tregs was detected
in the spleen of the GL261-pirb tumor-bearing mice com-
pared to the GL261-nc mice (Fig. 3G). Moreover, the per-
centage of CD4+T cells in the GL261-pirb tumor-bearing
mice was significantly lower than that in the GL261-nc
tumor-bearing mice (Fig. 3H). These results indicated that
pirb overexpression in GBM cells suppresses immunity by

spleens of tumor-bearing mice detected by flow cytometry. *P <0.05,
#x P<0.01, #*P <0.001, or ****P <(0.0001, ns indicates no statisti-
cal significance

suppressing CD8 +T cells and inducing MDSCs in the TME
and circulation.

Pirb can be secreted via sEVs

Accidently, we found that the tumor progression of GL26-
nc can be affected by GL261-pirb™ in the same mouse.
Briefly, a subcutaneous tumor model was constructed
using both sides of C57BL/C mice with GL261-nc and
GL261-pirb*, as shown in Figure S4A-B. Statistical analy-
sis showed that the GL261-nc tumor volume in Fig. 1C
was 358.85 + 168.58 mm?, while the GL261-nc tumor vol-
ume in Fig. 4A was 962.40 +353.43 mm? (P =0.0087),
which implied that pirb in G261-pirb regulates the func-
tion of GL261-nc in some way. Because of the tumor-
derived factors, immunity in GBM patients was substan-
tially suppressed. Current studies have demonstrated that
tumor cell-derived sEVs transmit oncoproteins between
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Fig.4 Pirb can be secreted via sEVs. A The growth curve of subcu-
taneous tumors. B The schematic diagram. C RFP fluorescence in
GL261 cells in transwell plates. D RFP fluorescence in GL261 cells
after incubation with CM from GL261-pirb cells with different treat-
ments (MVs, sEVs and supernatant). E pirb/LILRB2, Alix and CD9
in U251-MVs, U251-sEVs, GL261-MVs and GL261-sEVs detected
by WB. F pirb expression in sEVs from blood samples of the con-
trol mice and the tumor-bearing mice detected by WB. G LILRB2/

tumor cells, stromal cells and immune cells to regulate
the function of recipient cells, promoting tumor progres-
sion and suppressing the immune system [36, 37]. Thus,
we speculated that pirb can be secreted by GBM cells and
regulate the function of immune cells.

Thus, GL261-pirb-RFP (overexpressed with red fluores-
cence protein, RFP) was constructed, and the overexpres-
sion of pirb in GL261 cells was confirmed by WB (Figure
S4B). Currently, study have shown that extracellular vesicle
can be mainly divided into small extracellular vesicle and
macrovesicle [38]. After that, the conditioned medium (CM)
of GL261-nc and GL261-pirb-RFP cells was harvested and
cultured with GL261 cells after removal of cell debris, as
shown in the schematic diagram in Fig. 4B. RFP fluores-
cence was observed in GL261 cells cultured with CM from
GL261-pirb-RFP cells but not in GL261-nc cells (Fig. 4C).
Then, the components of the CM were isolated by dif-
ferential centrifugation and cultured with GL261 cells to
determine the way in which pirb was transferred. We found
that there was no RFP fluorescence in GL261 cells after
incubation with MVs from GL261-pirb-RFP (GL261-pirb-
RFP-MV) or supernatant (without MVs and sEVs) from
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pirb, Alix, and CD9 in U251-sEVs and GL261-sEVs detected by
WB before or after GW4869 treatment. H The sEV amount and
cell number detected by nanoflow cytometry and CCKS8 assays. I
pirb, Alix and CD9 in GL261-sEVs and GL261-pirb-sEVs were
detected by WB. J The amount of sEVs in GL261 and GL261-pirb
cells was detected by nanoflow cytometry. *P<0.05, ** P<0.01,
*##%P <0.001, or ****P <0.0001, ns indicates no statistical signifi-
cance

GL261-pirb-RFP, while RFP fluorescence was observed
in GL261 cells cultured with SEVs from GL261-pirb-RFP
(GL261-pirb-RFP-sEVs) (Fig. 4D). Therefore, we concluded
that pirb can be secreted by tumor cells and carried by sEVs.

Furthermore, sEVs from U251, U87 and GL261 cells
were isolated and verified according to the guidelines
(Figure S4D-F). The presence of pirb in GL261-sEVs and
LILRB2 in U251-sEVs was detected by WB but not in the
MVs of GL261 or U251 cells (Fig. 4E). The presence of
LILRB2 in sEVs was also confirmed by the result of U87
cells (Figure S4G). In addition, SEVs from the blood of the
tumor-bearing mice and the control mice were isolated, and
sEVs secreted by GL261-pirb tumors contained more pirb
than sEVs from GL261-nc tumors (Fig. 4F). Finally, we
found that the secretion of pirb was inhibited by GW4869, a
kind of medicine used to inhibit the secretion of sEVs [39],
both in U251 and GL261 cells (Fig. 4G). The sEV amount
and cell number were detected by nanoflow cytometry and
CCKS assays, respectively. We found that the secretion of
sEVs in GL261 and U251 cells was inhibited after incuba-
tion with GW4869 (10 pM) (Fig. 4H). Moreover, sEVs from
the same volume of CM of GL261-nc and GL261-pirb were
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Fig.5 sEVs-pirb inhibit immunity by promoting MDSC formation. A
The percentage of CD8+T cells in spleen cells after treatment with
GL261-sEVs, GL261-nc-sEVs or GL261-pirb-sEVs was detected by
flow cytometry. B The induction of MDSCs by GL261-sEVs, GL261-
nc-sEVs or GL261-pirb-sEVs was detected by flow cytometry. C
The interaction of GL261-sEVs with myelin cells was detected by IF.
Scale bar: 10 pm. D The presence of GL261-sEVs-pirb on the mem-
brane of myelin cells was detected by IF. Scale bar: 10 pm. E The

isolated. We found that more pirb was secreted by GL261-
pirb cells than by GL261-nc cells, and the increase in pirb
was independent of the secretion rate of sEVs (Fig. 41-J).
These results suggest that LILRB2/pirb can be transmitted
between cells via sEVs.

tumor cell killing assay performed in GL261 cells by CCK8 assays.
F Histogram of CFSE in CD8+T cells after incubation with MDSCs
induced by GL261-sEVs or GL261-pirb-sEVs. G A schematic dia-
gram of the MDSC invasion assay. H MDSCs in GL261 tumors with
or without MDSC treatment detected by IF. *P<0.05, ** P<0.01,
##%P <(0.001, or ****P<0.0001, ns indicates no statistical signifi-
cance

sEV-pirb-induced MDSCs in the circulation
contribute to the formation
of an immunosuppressive TEM

Previous studies have shown that the function of immu-
nity can be regulated by proteins on sEVs [40]. Then, flow
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cytometry was performed to evaluate the function of pirb on
sEVs after spleen cells were treated with GL261-nc-sEVs or
GL261-pirb-sEVs. We found that the percentage of CD8+T
cells was downregulated by GL261-nc-sEVs, while the
immunosuppressive ability of G261-pirb-sEVs was stronger
than that of GL261-sEVs (Fig. 5A). The association between
LILRB2 and MDSCs was evaluated by bioinformatics anal-
ysis on the GEPIA website. CD33, ITGAM, S100A8 and
S100A9 were selected as gene signatures of MDSCs [41].
We found a positive correlation between LILRB2 and CD33
(R=0.82)/ITGAM (R=0.75)/S100A8 (R=0.67)/S100A9
(R=0.69) (Figure S5A). Furthermore, the formation and
expansion of MDSCs were activated by GL261-sEVs and
GL261-pirb-sEVs. We found that the immunosuppres-
sive ability of GL261-pirb-sEVs was stronger than that of
GL261-sEVs (Fig. 5B). Then, confocal microscopy analysis
showed that the fluorescence of Dil merged with the fluores-
cence of CD11b, indicating that GL261-sEVs may interact
with the membrane of the splenocyte in some way or inter-
nalized by recipient cells (Fig. 5C). The presence of RFP and
DiO fluorescence signal in splenocytes indicated the interac-
tion between sEVs-pirb with splenocytes or the internaliza-
tion of sEVs-pirb by splenocytes (Fig. 5D). The function of
sEVs-pirb was further analyzed by a tumor cell killing assay
(Fig. SE). We found that the antitumor effect of CD8+T

cells was inhibited by GL261-sEVs and GL261-pirb-sEVs,
but the immunosuppressive ability of GL261-pirb-sEVs was
significantly stronger than that of GL261-sEVs. Moreover,
the proliferation of CD8 +T cells was detected in the pres-
ence of MDSCs induced by GL261-sEVs or GL261-pirb-
sEVs. As shown in Fig. 5F, the proliferation of CD8 + T cells
was inhibited under the suppression of MDSCs induced by
GL261-pirb-sEVs, which is consistent with previous results.
Next, the migration of MDSCs was evaluated in a tran-
swell plate in the presence of GL261-sEVs or GL261-pirb-
sEVs. We found that the migration of MDSCs was promoted
by GL261-pirb-sEVs compared to GL261-sEVs (Fig. 5G,
Figure S5B). Furthermore, MDSCs induced by GL261-pirb-
sEVs were isolated, and these MDSCs were intravenously
injected into the GL261 tumor-bearing mice, as shown in the
schematic diagram (Figure S5C). The tumor samples were
harvested 3 days after the injection. Then, IF was performed
to detect MDSCs in the tumor samples. We found more
MDSCs present in the tumor sites than in the controls after
the injection of MDSCs (Fig. SH). Therefore, we believe
that sEV-pirb-induced MDSC:s in the circulation can be a
source of MDSCs in the TME. All these results indicated
that SEV-pirb can be an immunosuppressor to suppress anti-
tumor immunity by forming an immunosuppressive TME.
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Fig.6 sEVs-pirb facilitate the progression of GBM. A Image of
the subcutaneous tumor models (n=3). B The growth curve of the
subcutaneous tumor models. C The statistical analysis of the tumor
weight of GL261-nc and GL261-pirb. D CD8+T cells and MDSCs
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in the tumor site detected by IF after treatment with GL261-sEVs or
GL261-pirb-sEVs. E The percentage of CD8+T cells and MDSCs in
the spleen of tumor-bearing mice detected by flow cytometry; the sta-
tistical analysis is shown on the right
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sEVs-pirb facilitate the progression of GBM

To verify the function of sEVs-pirb in vivo, we generated
subcutaneous tumor models in C57BL/6 mice with GL261
cells (Fig. 6A). Injection of GL261-nc-sEVs (1x 10'° par-
ticles/mL, 100 pL) significantly promoted the progression
of GBM compared with that of the control group (control
vs. GL261-nc-sEVs: 151.21+22.45 mm? vs. 270.02 +70.62
mm?, P=0.05), while the protumor ability of GL261-pirb-
sEVs was significantly stronger than that of GL261-sEVs
(GL261-nc-sEVs vs. GL261-pirb-sEVs: 270.02 +70.62
mm? vs. 547.08 + 145.49 mm?>, P=0.0413) (Fig. 6B). Con-
sistently, the mean tumor weight of GL261-sEVs increased
94.32% compared with that of the control, and the mean
tumor weight of GL261-pirb increased by 84.49% compared
with that of GL261-sEVs (Fig. 6C).

In addition, tumor samples were collected, and a signifi-
cant decrease in CD8 + T cells and an increase in MDSCs
were observed in the tumor sites treated with GL261-sEVs,
while fewer tumor-infiltrating CD8 + T lymphocytes and
more MDSCs were observed in the tumor sites treated with
GL261-pirb-sEVs than in those treated with GL261-sEVs
(Fig. 6D). Accordingly, the immune cells in the spleen of the
tumor-bearing mice were also detected by flow cytometry. As
shown in Fig. 6E, the percentage of CD8 +T cells in the con-
trol group was 10.78% + 1.1%, decreased to 5.45 +0.52 in the
GL261-sEV group, and decreased to 2.73% +0.21%. While
the percentage of MDSCs in the control was 4.90% +0.17%,
the percentage of MDSCs reached 6.82% +0.11% and
9.11% £0.22% in GL261-sEVs and GL261-pirb-sEVs,
respectively. We found that pirb on sEVs can exert its func-
tion through the immune system by inducing MDSCs.

Discussion

Immunotherapy is a promising treatment for tumors that
exert antitumor functions by reactivating the suppressed
CD8+T cells in the TME. However, the benefit of immu-
notherapy for GBM is limited because of the immunosup-
pressive TME in GBM patients [42, 43]. To enhance the
therapeutic effect of immunotherapy, researchers need to
elucidate the underlying mechanism by which the immuno-
suppressive TME is formed. In the present study, we found
that pirb can be secreted via SEVs to induce the formation of
MDSCs, and the increased MDSCs in circulation infiltrate
into the TME of GBM, which forms an immunosuppressive
TME, promoting the progression of GBM and leading to a
poor prognosis of GBM patients.

LILRB2, also named ILT4, monocyte/macrophage immu-
noglobulin-like receptor 10 (MIR-10), or CD85d, consists
of four extracellular tandem Ig-like domains, a transmem-
brane region and a cytoplasmic tail with three immunore-
ceptor tyrosine inhibitory motifs (ITIMs), which are mainly

expressed in innate immune cells. Recently, studies have
shown that LILRB2 is also enriched in tumor cells [30, 44].
Research has shown that tumor-derived ILT4 is involved
in the induction of cell senescence in naive/effector T cells
by activating the MAPK ERK1/2 signaling pathway [30].
Another study showed that overexpressed ILT4 in non-small
cell lung cancer cells recruits tumor-associated macrophages
and induces M2-like polarization. However, the underlying
mechanism by which ILT4 in tumor cells regulates immune
cells is still unknown. The immunosuppressive ability of
LILRB2 was also confirmed in our study. Furthermore, we
isolated different components of the GL261 culture medium
and found that LILRB2 in GBM cells can be delivered
through sEVs to other cells, such as tumor cells and immune
cells. The secreted sEVs-LILRB2 interacted with immune
cells directly, inducing the formation of MDSCs.

Because of the importance of MDSCs in the balance of
immunity, the formation of MDSCs is strictly regulated
in the human body. Otherwise, the immune system will
be overactive in healthy humans when MDSC formation
is disordered. However, the regulatory mechanisms are
hijacked by tumor cells to create an immunosuppressive
environment. Here, our results demonstrated that sEVs-
LILRB2/pirb are regulators of the formation of MDSCs.
Furthermore, studies have shown that programmed cell
death ligand 1 (PDL1) on sEVs is a pool that directly inter-
acts with programmed cell death 1 on cells to promote
tumor growth [45] and mediate immune evasion in GBM
[46], which affects the outcome of immunotherapy. Thus,
we propose that the existence of sSEVs-LILRB2 in circula-
tion also needs to be considered.

Although GBM-sEVs-pirb have been demonstrated to
suppress immunity, the detailed mechanism still needs to
be explored. Because MDSCs consist of a group of hetero-
geneous cells, the induced subgroup needs to be investi-
gated, and the mechanism through which pirb induces the
formation of MDSC:s is still unknown.

Overall, this study indicates that sEVs-pirb induce
MDSCs and facilitate the formation of immunosuppression
both in the system and microenvironment. The secreted
sEVs-pirb may act as a pool to bind monoclonal antibodies,
resulting in resistance to immunotherapy. Therefore, block-
ing LILRB2 in GBM patients may be a potential way to dis-
rupt the formation of MDSCs, which may be a therapeutic
target to enhance the outcome of immunotherapy.

Conclusion
Immunotherapy is an important treatment for tumors, but

the immunosuppressive TME of GBM is the major hin-
drance preventing GBM patients from benefitting from it.

@ Springer



2192

Cancer Immunology, Immunotherapy (2023) 72:2179-2193

Therefore, exploration of the formation of an immunosup-
pressive GBM TME is important. In this study, we found
that pirb can be secreted by sEVs and induce MDSCs
by direct interaction with myelin cells, suppressing the
immune system. The increased MDSCs may infiltrate the
TME, forming an immunosuppressive TME. Our research
provides an explanation for the formation of an immuno-
suppressive TME, which can be a therapeutic target.
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