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Abstract

crucial role in immune modulation in GBM.

and evaluated using immunofluorescence analysis.

Background: The immunosuppressive tumour microenvironment is a critical factor in the initiation and progression
of glioblastoma (GBM), which is characterized by an abundance of tumour-associated macrophages (TAMs) but a
paucity of infiltrating T cells. In this research, we studied whether epithelial membrane protein 3 (EMP3) plays a

Methods: TCGA and CGGA transcriptomic profiles of wild-type IDH1 GBM were used for bioinformatic analysis. The
role of EMP3 in GBM was validated through in vivo and in vitro experiments. Human GBM specimens were collected

Results: EMP3 was associated with immunosuppression in GBM. Elevated EMP3 in GBM areas was accompanied by
high expression of PD-L1 and abundant M2 TAM recruitment but a lake of T cell infiltration. We found that EMP3
was a potent protein in M2 TAM polarization and recruitment that impaired the ability of GBM cells to secrete CCL2
and TGF-B1. Furthermore, EMP3 suppressed T cell infiltration into GBM tumours by inhibiting the secretion of
CXCL9 and CXCL10 by macrophages and led to an effective response to anti-PD1 therapy.

Conclusions: EMP3 is thus a critical immunosuppressive factor for recruiting TAMs in GBM and suppressing
intratumoural T cell infiltration to facilitate tumour progression and is a potential therapeutic target.
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Background

GBM is one of the most malignant brain tumours. Al-
though patients receive active treatment, the 5-year sur-
vival rate is less than 5%. GBM is characterized by a
lack of T «cell infiltration but abundant tumour-
associated macrophage (TAM) infiltration [1]. M2
TAMs are the main TAMs in most malignant tumours
and play important roles in immunosuppression and
treatment resistance [2, 3]. In addition, there is a strong
association between poor survival and increased M2
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TAM infiltration within the tumour microenvironment
(TME) of human GBM patients. M2 TAMs are recruited
to the TME and are emerging as important mediators of
adaptive resistance to immune attack. However, how M2
TAMs polarize and inhibit antitumour immunity within
GBM is still unknown. Loss of effector functions and in-
creases in immunosuppressive molecules are the major
characteristic features of exhausted T cells. In fact, in
GBM patients, it is common for the numbers of CD4"
and CD8" T cells to decrease within the tumour and in
the circulation [4, 5]. With the expansion of indications
for checkpoint inhibitors, an increasing number of pa-
tients are receiving these drugs. Despite the durable clin-
ical response to antibodies that block PD-1 seen in
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advanced melanoma, non-small cell lung cancer (NSCL
C), renal cell carcinoma, and other cancers, it is not
clear whether this treatment is feasible in GBM [6]. In-
deed, the exhaustion mechanism of T cells in GBM
should be further studied.

It has been reported that epithelial membrane protein
3 (EMP3) is a tetraspanin membrane protein that re-
presses the induction and function of cytotoxic T lym-
phocytes [7]. The expression of EMP3 is low in the adult
brain. However, EMP3 expression is upregulated in
brain tumours, especially in GBM. The expression of
EMP3 mRNA has been shown to be associated a with
poor outcome [8—11]. Depletion of the EMP3 protein at-
tenuates malignant behaviours of GBM cells [12]. Our
preclinical studies demonstrated that EMP3 drives the
infiltration of M2 TAMs into GBM, suppresses CD4"
and CD8" T cell infiltration, and has the potential be
exploited as a therapeutic target.

Methods and materials

Data collection

Publicly available clinical data for GBM patients with
wild-type IDH1 (IDH1wt) and their transcriptomic data
were obtained from the TCGA (https://cancergenome.
nih.gov/) and CGGA (http://www.cgga.org.cn/) data-
bases. GBM patients with IDH1wt sequence-based gene
expression (n=152) and array-based gene expression
(n =475) data form the TCGA dataset were used. GBM
patients with IDH1wt array-based gene expression data
(n =94) from the CGGA dataset were used.

Bioinformatic analysis

Downloaded GSEA software version 3.0 (www.
broadinstitute.org/gsea/) was used for GSEA, which was
used to calculate whether a gene set exhibited statisti-
cally significant [13] concordant differences between two
defined groups (high expression of EMP3 versus low ex-
pression of EMP3) in the TCGA array-based gene ex-
pression dataset. ssGSEA, an extension of GSEA, was
used to calculate separate enrichment scores for each
pairing of a sample and gene set online (https://www.
genepattern.org/) [14].

Cell transfection

EMP3 lentiviruses were purchased from GeneChem
(Shanghai, China). A CRISPR/Cas9 system was
employed to knock out EMP3 in GL261 cells. According
to our previous research [15], cells were transfected with
LV-Cas9 lentiviruses at an MOI of 8 for 72 h and se-
lected with puromycin at a final concentration of 3 pg/
mL for 7 days. GL261 cells were subsequently infected
with lentiviruses containing sgRNA targeting EMP3. The
expression of EMP3 was confirmed by Western blot
after infection with the sgRNA for 4 h. The lentiviruses

(2021) 40:160

Page 2 of 13

expressing Cas9, sgRNAs and negative control (LV-NC)
were constructed by GeneChem (Shanghai, China). The
sequences of the sgRNAs are shown in Supplementary
Table 1.

Cell lines

GL261, RAW 264.7, and BV-2 cells were purchased
from the Chinese Academy of Sciences Cell Bank in
2018 and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich) supplemented with
10% foetal bovine serum (FBS, HyClone). The Lonza
Mycoalert Mycoplasma  Detection Kit (Lonza,
Switzerland) was used to test for mycoplasma contamin-
ation. All cells were cultured at 37 °C in an atmosphere
of 5% CO, and maintained in culture for less than 20
passages.

Western blot analysis

Protein was extracted from GL261 cells using lysis buffer
containing RIPA buffer (Solarbio, 89,901) and a protease
inhibitor (Solarbio, A8260). The BCA Protein Assay Kit
(Solarbio, PC0020) was used to test the protein concen-
tration according to the manufacturer’s instructions, and
20 pg/lane protein was loaded per well. The primary
antibodies used were anti-EMP3 (1:1000, Abcam, 236,
671) and anti-pB-actin (1:1000, CST, 4970). PVDF mem-
branes were incubated with primary antibodies overnight
at 4 °C and then incubated with HRP-conjugated anti-
rabbit IgG (1:10,000, Sigma-Aldrich, RABHRP1) or
HRP-conjugated anti-mouse IgG (1:10,000, Sigma-
Aldrich, RABHRP2) at 37 °C for 1 h. The protein bands
were visualized using an Immobilon Western Chemilum
HRP Substrate kit (Millipore, WBKLS0050) and Bio-Rad
Gel Doc XR imaging system (Bio-Rad, USA).

Chemotaxis assay

Briefly, T cells (5 x 10°) were isolated from the spleen
and lymph nodes of C57BL/6 mice. Anti-CD3 beads
(Miltenyi Biotec) were used to purify the T cells. Subse-
quently, the T cells were labelled with CFSE and seeded
in 24-well plates (5-um pore size, Corning). Superna-
tants from RAW264.7 cells treated with 50 U/mL IFN-y,
10 pg/mL anti-CXCL9 neutralizing antibodies, and/or
10 pg/mL anti-CXCL10 neutralizing antibodies (R&D
Systems) were placed in the bottom chambers. The
whole system was incubated for 48 h at 37 °C in an at-
mosphere of 5% CO,. A flow cytometry assay was per-
formed to count the cells in the bottom chamber.
Chemotactic index = (migrated cells — spontaneously
migrated cells) /total T cells plated in the Transwell x
100 % [16].
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Migration assay

Migration assay was performed to assess RAW 264.7 cell
migration in 24-well plates (8-pm pore size, Corning).
Briefly, RAW 264.7 cells (5 x 10%) were planted in the
upper chambers which has been precoated with Matrigel
(Corning). The lower chamber was placed with superna-
tants from GL261 cells with different treatment. The
whole system was incubated for 48 h at 37 °C in an at-
mosphere of 5% CO, for RAW 264.7 cell migration.
The cells were stained with trypan blue. All images were
processed and analyzed using Image].

Immunofluorescence

Neoplastic tissues were collected from GBM patients
and syngeneic intracranial GBM models, fixed with for-
malin, and embedded in paraffin. Frozen sections tu-
mours were from obtained syngeneic intracranial GBM
models. Paraffin-embedded sections and frozen sections
were used for immunofluorescence staining. Primary
antibodies, including anti-PD-L1 (Abcam, #224,030),
anti-EMP3 (Invitrogen, PA5-97705), anti-CD86 (Abcam
#239,075), anti-CD206 (Abcam, #125,028), anti-CD8«
(Invitrogen, A700-044), anti-CD4 (Invitrogen, MAS5-
32166), and anti-Ki67 (CST, #12,075), were diluted (1:
100) in PBS with 1% BSA. After overnight incubation at
4 °C, the samples were washed three times with PBS and
incubated with FITC-labelled anti-IgG (Alexa Fluor 488
or 594, Thermo Fisher) for 2 h at room temperature.
DNA was stained with DAPI (Sigma-Aldrich, USA), and
samples were visualized with a fluorescence microscope
(Olympus, Japan). The proportion of stained cells/field
was subjected to statistical analysis. All images were
processed and analysed using Image].

Haematoxylin and eosin (H&E) staining
Paraffin-embedded sections were used for H&E staining.
Briefly, deparaffinized and rehydrated brain sections on
slides were incubated with haematoxylin (Sigma-Al-
drich) for 4 min to stain the nuclei and then incubated
with eosin (Solarbio) for 2 min.

Measurement of cytokine and chemokine levels

RAW?264.7 cells were cultured in 96-well plates for 24 h,
culture supernatants were collected, and the secretion of
TNF-a and IL-10 was detected with an Inflammatory
Cytometric Bead Array kit (BD Biosciences) according
to the manufacturer’s instructions. GL261 cells were cul-
tured in 96-well plates for 24 h, culture supernatants
were collected, and the secretion of TGF-Bf1 and CCL2
was measured with ELISA kits purchased from RayBio-
tech following the manufacturer’s instructions.
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RNA extraction and real-time quantitative PCR (qQRT-PCR)
Total RNA was isolated from RAW?264.7 and GL261
cells using TRIzol reagent according to the manufac-
turer’s instructions (Invitrogen). Total RNA and the Pri-
meScript RT Reagent Kit (Takara, Japan) were used to
synthesize cDNA. qRT-PCR was performed with a reac-
tion mixture containing SYBR Green (Takara, Japan) for
triplicate samples with the CFX96 Touch Real-Time
PCR Detection System (Bio-Rad, USA) [17]. The expres-
sion levels of genes were normalized to that of B-actin
through the 274" method. The primer sequences used
for PCR in this study are listed in Supplementary
Table 2.

Patients

The GBM tissues used in this study were from 27 pa-
tients. Patient information is listed in Supplementary
Table 3. All the patients included in the study were from
The First Affiliated Hospital, Zhejiang University School
of Medicine. All research performed was approved by
the Clinical Research Ethics Committee of the First Af-
filiated Hospital, Zhejiang University School of Medi-
cine. The enrolment criteria were as follows: (1) 18- to
70-year-old male or female; (2) primary GBM diagnosed
by a pathologist; (3) wild-type status for IDH1 in GBM
tissues; and (4) voluntary participation in the study with
a signed informed consent form (ICF). The exclusion
criteria were as follows: (1) unwilling to participate in
the study and refused to sign an ICF; and (2) other con-
ditions considered by the researchers to be inappropriate
for inclusion. The clinical data are listed in Supplemen-
tary Table 3.

Syngeneic intracranial GBM model

Four-week-old female C57BL/6 mice were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (China). Briefly, a total of 4 x 10° GBM cells
(GL261 EMP3_KO and GL261 EMP3_Scra) were
injected into the brain of each mouse using stereotactic
equipment. The intracranial tumours were measured
with bioluminescence imaging on days 7, 21 and 35, and
the survival time was recorded until the experimental
endpoints. Mice were injected intraperitoneally with an
anti-CXCR3 mAb (200 ug per mouse, BD Biosciences)
or IgG (200 pg per mouse, BioXCell) on the first day
after tumour implantation and then every 3 days for a
total of 6 doses. An anti-PD-1 antibody was purchased
from Merck. After tumour implantation, mice were
treated with PD-1 blockade (200 pg per mouse, Selleck)
or IgG (200 pg per mouse, BioXCell) every 4 days for a
total of 5 doses. All animal experiments were approved
and supervised by the Tab of the Animal Experimental
Ethical Inspection of the First Affiliated Hospital, Zhe-
jiang University School of Medicine.
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Ex vivo analysis of the infiltration of T cells by multicolour
FACS

Mice were euthanized for ex vivo immune analysis. The
spleen, brain, and blood were collected for flow cytome-
try. Lymphocytes isolated from brain tumours were puri-
fied using Percoll or Ficoll gradient centrifugation.
Single-cell splenocyte suspensions were obtained using
mechanical dissociation of the spleen followed by RBC
lysis. CD4" and CD8" T cells were gated from CD3* T
cells. For subtype staining, CD4" and CD8" T cells were
fixed and permeabilized with a Fix & Perm kit (BD Bio-
sciences) and stained for intracellular cytokines. The fol-
lowing antibodies were used in the analysis: anti-IFN-y
(XMG1.2), anti-TNF-a« (MP6-XT22), and anti-IL-2
(JES6-5H4), which were purchased from BD Biosciences.
Flow cytometric analysis was conducted on a FACSFor-
tessa flow cytometer (BD Biosciences), and FlowJo soft-
ware (FlowJo, LLC) was used to analyse the data.

Statistics

The TCGA and CGGA transcriptomic data were
processed through CIBERSORT (https://cibersort.
stanford.edu/) using the default LM22 immune cell
gene signatures. Pearson’s correlation was applied to
correct for two comparisons. Confidence intervals for
the Pearson’s correlation coefficients were calculated
using the normal approximation given by the Fisher
Z-transformation. The Kaplan-Meier method was used
to generate survival curves. The log-rank test was
used to assess statistical significance between different
groups. Differences between groups were analysed
using an unpaired two-tailed t-test. ROC (receiver op-
erating characteristic) curves were generated by using
SPSS 22.0. R version 3.3.2, with the extension package
“corrplot” used to produce figures. Data are presented
as the mean + SD, and all in vitro experiments were
replicated at least 3 times. p<0.05 was considered
statistically significant.

Results

EMP3 is associated with immunosuppression in GBM

To determine the immunosuppressive role of EMP3 in
GBM, we compared GBM transcriptional profiles from
TCGA and CGGA datasets, together with signatures for
GBM-mediated immunosuppressive gene sets [11, 18].
Single-sample GSEA (ssGSEA) analysis was conducted.
The results revealed that EMP3 was associated with im-
munosuppression (Fig. la-b, Supplementary Fig. 1A-B).
By the CIBERSORT algorithm, the higher EMP3 expres-
sion group exhibited higher percentages of M2 TAMs
and CD4 memory resting T cells but lower percentages
of CD8 T cells and CD4 memory activated T cells in the
TCGA dataset (Fig. 1c). However, in the CGGA dataset,
there was no significant difference between the high
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EMP3 expression group and the low EMP3 expression
group (Supplementary Fig. 1C). We found that EMP3
expression correlated with the expression of M2 TAM
markers in both the TCGA and CGGA datasets (Fig. 1d,
Supplementary Fig. 1D) and that EMP3 was correlated
with immunosuppressive factors of tumour cells and fac-
tors of exhausted cytotoxic T lymphocytes (Fig. le, Sup-
plementary Fig. 1E). In human and mouse GBM tissues,
we performed immunofluorescence (IF) staining to
evaluate EMP3, M2 TAMs, and PD-L1. We observed el-
evated EMP3 in GBM areas with high expression of PD-
L1 and abundant M2 TAM infiltration (Fig. 1f-g, Sup-
plementary Fig. 1F-I). Moreover, we also evaluated CD4"
and CD8" T cells in human GBM tissues and found that
high expression of EMP3 resulted in a lack of CD4" and
CD8" T cell infiltration (Fig. 1h-i, Supplementary
Fig. 1J-K). These findings indicate that EMP3 is associ-
ated with immunosuppression in GBM.

EMP3 induces M2 TAM polarization and recruitment in
GBM

M2 TAMs have been verified to have functions that
promote GBM progression. We hypothesized that
GBM-derived EMP3 is critical in the M2 polarization
and recruitment of TAMs. Consistently, GSEA with
gene sets featuring leukocyte migration genes showed
that these genes were markedly overrepresented in
GBM patients with high EMP3 expression (Supple-
mentary Fig. 2A). CRISPR/Cas9 was used to knock
out EMP3 in GL261 cells (Supplementary Fig. 2B)
and supernatants from GL261 cells promoted
RAW264.7 cell migration (Fig. 2a). We observed re-
ductions in M2 TAMs markers, such as ARG-1,
MRC1 and IL-10, as well as an increase in the M1
marker TNF-a measured by qRT-PCR in RAW264.7
cells (Supplementary Fig. 2C-D). We found that
RAW?264.7 cells treated with supernatants from
EMP3_KO GL261 cells produced less IL-10 but more
TNEF-a by using ELISA (Supplementary Fig. 2E). BV-2
cells incubated with supernatants from GL261 cells
showed positive staining for both CD86 and CD206,
indicating that M2 TAMs could be polarized by
EMP3 (Fig. 2b). To further explore the effects of
GBM-derived EMP3 on M2 TAM polarization in vivo,
C57BL/6 mice were intracranially implanted with 4 x
10° GL261 EMP3_KO or EMP3_Scra cells and moni-
tored for tumour growth. We observed that knockout
of EMP3 in GL261 cells suppressed tumour growth
and prolonged mouse survival (Fig. 2c-e). The num-
ber of M2 TAMs infiltrating GBM tumours was re-
duced in the EMP3_KO group (Fig. 2f). These results
reveal that GBM-derived EMP3 plays critical roles in
promoting M2 TAM recruitment and polarization.
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Fig. 1 EMP3 is associated with immunosuppression in GBM. a Pearson correlation analysis of the expression of EMP3 with GBM-associated
immunosuppressive metagenes in the TCGA_array GBM dataset (n = 475). b ROC curves indicated that high EMP3 was involved in
immunosuppression in the TCGA_array GBM dataset (n = 475). ¢ Immune cell fractions were estimated using CIBERSORT, and the differences
between the cell fractions of the high and low EMP3 groups in the TCGA_array GBM dataset were evaluated using Student’s t-test (n = 475).
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d Pearson correlation plots of the expression of EMP3 with M2 TAM signature markers (CD68, CD163, STO0A9, and CD14) in the TCGA_array GBM
dataset (n = 475). e Correlation coefficient graph revealing the correlations of EMP3 with common immunosuppressive factors in the TCGA_seq
GBM dataset (n = 153). f Representative images of immunofluorescence (IF) staining for EMP3 and CD206 in different areas of serial sections from
human GBM samples (n = 27). Scale bar = 50 um. g Representative images of IF staining for EMP3 and PD-L1 in different areas of serial sections
of human GBM samples (n = 27). Scale bar = 50 um.h Representative images of IF staining for EMP3 and CD8a in different areas of serial sections

< 0.001

from human GBM samples (n = 27). Scale bar = 50 pum. I. Representative images of IF staining for EMP3 and CD4 in different areas of serial
sections of human GBM samples (n = 27). Scale bar = 50 um. The mean + S.D. is shown. Ns: nonsignificant, *p < 0.05, **p < 0.01, and ***p

EMP3 induces CCL2 and TGF-B1 secretion in GBM cells to
promote M2 TAM recruitment and polarization

Cytokines contribute to the infiltration of immune cells,
including TAMs. M2 TAMs can be induced with CCL2
and TGF-B1 [19]. To illustrate the mechanism of EMP3-
mediated recruitment and polarization of M2 TAMs in
GBM, we found that EMP3_KO GL261 cells exhibited
low mRNA expression of CCL2 and TGF-B1 (Fig. 3a).

EMP3_KO GL261 cells produced less CCL2 and TGEF-
B1 than GL261 cells (Fig. 3b, Supplementary Fig. 3). We
found that there was a reduction in the mRNA levels of
M2 markers and an increase in the mRNA levels of an
M1 marker after CCL2 and TGF-B1 were blocked in the
EMP3 overexpression groups (Fig. 3c-d). Then, we fur-
ther examined the roles of EMP3-induced CCL2 and
TGF-f1 in GBM cells in promoting M2 TAM
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Fig. 2 EMP3 could induce macrophage polarization. a Migration assays performed with RAW264.7 cells exposed to supernatants from EMP3_KO
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d Quantification of the bioluminescence imaging signal intensities in C57BL/6 mice. Student’s t-test was performed.e Kaplan-Meier survival curves
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f Representative images of IF staining for EMP3 and CD206 in mouse brain sections from the EMP3_KO and EMP3_Scra GL261 groups. The
histogram summarizes the fluorescence intensity of the isolated brain tumour tissues (n = 3). KO: Knockout; Scra: Scramble. Student’s t-test was
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recruitment and polarization. We found that superna-
tants from GL261 cells treated with anti-CCL2 or anti-
TGF-B1 monoclonal antibodies attenuated the promo-
tive effects of EMP3 on monocyte migration and
polarization (Fig. 3e-h). These findings suggest that
EMP3 regulates CCL2 and TGF-B1 secretion in GBM
cells to induce a change in M2 TAM recruitment and
polarization.

EMP3 inhibits T cell infiltration in GBM

Because EMP3 could regulate immunological effects, we
detected T cell composition and functional changes to
clarify the immune mechanisms responsible for the pro-
longed survival time of glioma-bearing mice with EMP3

deficiency. GBM-bearing mice were euthanized on day
14 after tumour implantation to isolate immune cells
from the blood, spleen, and brain. We found that the
frequencies of IFN-y-, TNFa-, and IL-2-producing CD4"
T cells were increased in the brain tumour, spleen, and
blood of EMP3_KO model mice (Fig. 4a-c). There were
also increased frequencies of IFN-y-, TNFa-, and IL-2-
producing CD8" T cells in the EMP3-deficient model
mice (Fig. 4d-f). However, there were no significant re-
ductions in the frequency of FoxP3" Tregs in the
tumour, blood, or spleen (Fig. 4g). Next, we determined
whether there was increased CD8" T cell-mediated kill-
ing activity against EMP3_KO GBM cells. At a T cell:
GBM cell ratio of 5:1 or 10:1, there was an increase in
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nonsignificant, *p < 0.05, **p < 0.01, and ***p < 0.001

in RAW264.7 cells exposed to supernatants from EMP3_OE, EMP3_Scra, EMP3_OE+anti-TGF-31/anti-CCL2, or EMP3_OE+IgG GL261 cells for 48
hours was detected by gRT-PCR. The expression of these transcripts was normalized to that of 3-actin. Student’s t-test was performed. OF:
Overexpression; Scra: Scramble. e-f Migration assays performed with RAW264.7 cells exposed to supernatants from EMP3_OE, EMP3_Scra,
EMP3_OE+anti-TGF-31/anti-CCL2, or EMP3_OE+IgG GL261 cells for 48 hours. Scale bar = 100 um. OE: Overexpression; Scra: Scramble. Student’s t-
test was performed.g-h Representative images of IF staining for CD86 and CD206 in BV-2 cells exposed to supernatants from EMP3_OF,
EMP3_Scra, EMP3_OE+anti-TGF-31/anti-CCL2, or EMP3_OE+IgG GL261 cells for 48 hours. The histogram summarizes the relative fluorescence
intensity of the cells. Scale bar = 100 um. Student’s t-test was performed.

KO: Knockout; Scra: scramble. The mean + S.D. is shown. Ns:

murine CD8" T cell cytotoxicity against EMP3_KO
GL261 cells (Fig. 4h). Cumulatively, our data indicate
that the elevation in T cell activity results from EMP3
deficiency in GBM cells and that EMP3 plays a critical
role in suppressing T cell function.

Loss of EMP3 promotes T cell infiltration via the CXCR3
system in GBM

Macrophages can suppress infiltrating T cells in the
TME [20]. Thus, we explored the mechanism by which
EMP3-induced TAMs regulate T cell infiltration into the
TME. Chemokines play a critical role in the infiltration
of T cells [21]. We found that CXCL9 and CXCL10

mRNA and protein expression was increased in
RAW?264.7 cells incubated with conditioned media from
the EMP3_KO groups (Fig. 5a-b). CXCL9 and CXCLIO0
expression was positively associated with both CD4 and
CD8A in the TCGA dataset (Supplement Fig. 4A-D). In
addition, we found that CXCL9 expression was positively
correlated with CD4 and CD8A in the CGGA dataset
(Supplementary Fig. 4E-F). We found that CXCL10 ex-
pression was not correlated with CD4 but positively cor-
related with CD8A in the CGGA dataset (Supplementary
Fig. 4G-H). Furthermore, in vitro, inhibition of CXCL9
and/or CXCL10 reduced T cell migration (Fig. 5c).
CXCR3 and its ligands (CXCL9 and CXCL10)
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exquisitely control T cell trafficking and are essential for ~ When we evaluated the percentages of IFN-y-, TNF-a-,
the differentiation, activation, and function of T cells and IL-2-producing CD4" and CD8" T cells within
[22, 23]. In vivo, an anti-CXCR3 antibody reversed the = GBM tumours, we noticed that CXCR3 blockade in the
suppression of GBM growth seen in the EMP3_KO EMP3_KO group reduced CD8" and CD4" T cell infil-
group but further promoted tumorigenesis in the tration into the brain tumour, blood, and spleen
EMP3_Scra group and led to poor survival (Fig. 5d-f).  (Fig. 5g-j, Supplementary Fig. 5A-G). Given the above
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observations, we next asked whether co-expression of
EMP3 and CXCR3 has a prognostic impact in GBM. In
the TCGA dataset, we found a negative association be-
tween CXCR3 and EMP3, and patients with low EMP3
expression and high CXCR3 expression
(EMP3"¥CXCR3") survived longer (Fig. 5k-1). Collect-
ively, our findings revealed that EMP3-induced T cell
exclusion from the GBM microenvironment is mediated
through the CXCR3 system.

Knockout of EMP3 and PD-1 blockade have synergistic
anti-GBM effects

In GBM, most intratumoural T cells are exhausted with
loss of effector function; hence, these T cells do not ap-
pear to be responsive to immune checkpoint blockade
therapy. TAMs can inhibit antigen presentation and sup-
press the migration of antigen-presenting cells to re-
gional lymph nodes [1, 24]. We performed

immunostaining for PD-L1 in mouse GBM tissues to as-
sess the effect of EMP3. We found that PD-L1 was de-
creased in EMP3_KO tumours (Fig. 6a), indicating that
EMP3 could induce the immunosuppressive ligand PD-
L1 in GBM. Therefore, we explored whether EMP3 defi-
ciency can improve the outcomes of mice receiving anti-
PD1 therapy. We found that PD1 blockade alone had
relatively little effect on tumour growth. However,
knockout of EMP3 combined with anti-PD1 therapy re-
sulted in an improvement in tumour growth delay
(Fig. 6b-c). Overall survival was prolonged in the EMP3_
KO plus anti-PD1 treatment group (Fig. 6d). Histo-
logical, IF, and TUNEL assays confirmed the decreased
invasiveness and proliferation but increased apoptosis of
tumours in the EMP3_KO plus anti-PD-1 treatment
group (Fig. 6e). We also evaluated the percentages of
CD8" and CD4" T cells within the tumour, blood, and
spleen and found that anti-PD-1 treatment of EMP3_KO
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tumour-bearing mice increased IFN-y-, TNF-a- and IL-
2-producing CD8" and CD4" T cell infiltration into the
brain tumour, blood, and spleen (Fig. 6f-j, Supplemen-
tary Fig. 6A-G). Our findings suggest that EMP3 inhib-
ition enhances the PD1 blockade response in GBM.

Discussion

Immunosuppression has been systemically demonstrated,
as evidenced by impaired cellular immunity in GBM
patients and murine GBM models [25]. While
immunotherapy-based approaches have been widely
attempted, most clinical trials involving these modalities
have failed to report significant outcomes [26, 27]. Indeed,
GBMs have a small quantity of infiltrating T cells and
harbour abundant M2 TAMs [28]. M2 TAMs can

promote tumour cell progression directly by activating
angiogenesis, maintaining tumour cell stemness, and indu-
cing drug resistance and indirectly by facilitating dysfunc-
tions in the immune system within the TME, ultimately
resulting in immune evasion by cancer cells [2, 3]. M2
TAMs are known to potentiate immunosuppression in
GBM and may contribute to the failure of immunother-
apies for gliomas [1]. Our data propose a unifying mech-
anism of EMP3 underlying the crosstalk between GBM
cells and the immune system. In GBM, EMP3 expression
is upregulated to promote the progression of brain tu-
mours, and high expression of EMP3 is associated with a
poor prognosis [9, 12]. From our in silico analyses of the
TCGA and CGGA datasets, EMP3 was found to be in-
volved in immunosuppression in GBM. Compared to the
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CGGA dataset, the TCGA dataset showed an increased
percentage of M2 TAMs but a decreased percentage of
CD8 T cells in the high EMP3 expression group. The
main reason for the inconsistency in predicting the rela-
tionship between EMP3 and immune cells is that the
number of patients in the CGGA dataset (n=96) is
smaller than that in the TCGA dataset (z=521). We
found that knockout of EMP3 repressed tumorigenesis
and produced a survival advantage in mice. A previous
study reported that EMP3 could interact with TGF-p re-
ceptor type 2 (TGFBR2) upon TGF-f stimulation in GBM
cells. Consequently, the EMP3-TGFBR2 interaction acti-
vates TGF-B/Smad2/3 signalling and positively impacts
TGE-B-stimulated gene expression and cell proliferation
in vitro and in vivo [12]. Our findings provide further evi-
dence that EMP3 deficiency in GBM is critical for inhibit-
ing the polarization and recruitment of M2 TAMs by
reducing the production of CCL2 and TGF-f1 by GBM
cells. It has also been reported that knockdown of EMP3
results in reduced levels of p-AKT, p-ERK and p-EGFR
and attenuated cell proliferation, indicating that EMP3 is
involved in the regulation of receptor tyrosine kinase-
mediated mitogenic signalling [29]. In GBM patients, de-
creases in CD4" and CD8" T cell numbers within the
tumour and in the circulation are common, and the T cell
population is prone to exhaustion [30, 31]. It has been re-
ported that osteopontin in GBM cells results in an in-
crease in M2 TAMs and reduces T cell infiltration in
tumour areas [32]. L19-mIL12, comprising murine IL12
fused to the L19 antibody, has a strong effect on tumour-
infiltrating immune cells, increasing the infiltration and
activation of CD4 and CD8 T cells in mouse glioma
models [33]. In our current research, knockout of EMP3
enhanced the induction of T cell infiltration and secretion
of TNF-a, INF-y, and IL-2 by CD4" and CD8" T cells. El-
evated expression of CXCL9 and CXCL10 was positively
associated with CD4 and CD8 T cell markers in the
TCGA and CGGA datasets. Moreover, we observed that
EMP3 affected macrophages, causing inhibition of antitu-
mour immunity via suppression of CD4" and CD8" T cell
infiltration into GBM tumours and downregulation of
CXCL9 and CXCL10 production by macrophages. These
findings support the view that EMP3 plays a critical role
in suppressing TAM-derived CXCL9- and CXCL10-
mediated CD4* and CD8" T cell infiltration into the TME
to promote tumour progression. CXCR3, a chemokine re-
ceptor for the interferon-inducible chemokines CXCL9
and CXCL10, is highly expressed on activated T cells and
plays pivotal roles in the spatial distribution, migration,
and function of T cells [34]. In vivo, blockade of CXCR3
abrogated the suppression of GBM growth observed in
the EMP3_KO group but promoted tumorigenesis in the
EMP3_Scra group and led to significantly poorer survival.
The patients in the EMP3°“CXCR3™ group survived
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longer. Functional immune assays also demonstrated that
inhibition of CXCR3 suppressed T cell infiltration. To
some extent, these results suggest that EMP3 and CXCR3
have an antagonistic effect on glioma.

The increased T cell populations may be due to in-
creased infiltration or reduced T cell death within tu-
mours. Exhaustion has been shown to facilitate T cell
apoptosis via the PD-1/PD-L1 axis and therefore may
contribute to the loss of T cells at the tumour site [17,
35]. Clinical trials of immune checkpoint blockade ther-
apies, predominantly targeting PD-1 or PD-L1, have
been ongoing in GBM, although initial results have been
disappointing [36]. In our present study, anti-PD1 ther-
apy alone showed minimal improvement in EMP3_Scra
tumours. However, in EMP3_KO tumours, the treat-
ment produced a greater antitumour response. In
addition, increased populations of both CD4* and CD8*
T cells within GBM tumours were observed. In glioma,
PD-1 expression on the surface of T cells is one of the
hallmarks of T cell exhaustion. PD-1" T cells have a nar-
rower range of cognate antigen targets than PD-1" T
cells, accounting for the immune responses to PD-1
blockade therapies [37]. Increased expression of PD-L1
suppresses CD8" T cell activation and acquisition of an
effector phenotype. Reduced PD-L1 expression accom-
panied by PD-1-targeted immunotherapy diminishes
tumour growth and increases survival dependent on
CDS8" T cells [38—40]. In our GBM specimens, we found
that the expression of EMP3 was positively associated
with PD-L1. In vivo, we found that knockout of EMP3
downregulated PD-L1, which might explain the in-
creased cell killing demonstrated by CD8" T cells against
EMP3_KO cells. Moreover, to strengthen PD-1 inhibitor
efficacy, ablating M2 TAMs has been shown to enhance
anti-PD-1 immunotherapy in different GBM subtypes
[41, 42]. In our present study, it was showed that EMP3
could induce M2 TAM polarization and recruitment in
GBM. The above findings indicate that EMP3 has a syn-
ergistic effect with PD-1 in glioma.

Conclusions

To summarize, we uncovered the important roles of
EMP3 in mediating M2 TAM infiltration and suppress-
ing intratumoural T cell recruitment (Fig. 6g). In
addition, EMP3 deficiency decreased PD-L1 expression,
augmented anti-PD-1 treatment, and produced a sur-
vival advantage in glioma-bearing mice. Our findings in-
dicate that the combination of EMP3 inhibition and PD-
1 blockade is a promising therapy for GBM patients.
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