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Abstract
Recent studies have shown that tumor-derived exosomes participate in the communication between tumor cells and their
microenvironment and mediate malignant biological behaviors including immune escape. In this study, we found that gastric
cancer (GC) cell-derived exosomes could be effectively uptaken by Vy9Vo2 T cells, decrease the cell viability of Vy9Ve2 T
cells, induce apoptosis, and reduce the production of cytotoxic cytokines IFN-y and TNF-«. Furthermore, we demonstrated
that exosomal miR-135b-5p was delivered into Vy9Vd2 T cells. Exosomal miR-135b-5p impaired the function of Vy9V82 T
cells by targeting specificity protein 1 (SP1). More importantly, blocking the SP1 function by Plicamycin, an SP1 inhibitor,
abolished the effect of stable miR-135b-5p knockdown GC cell-derived exosomes on VyY9V32 T cell function. Collectively,
our results suggest that GC cell-derived exosomes impair the function of Vy9Vd2 T cells via miR-135b-5p/SP1 pathway,
and targeting exosomal miR-135b-5p/SP1 axis may improve the efficiency of GC immunotherapy based on VY9V82 T cells.
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Introduction

Gastric cancer (GC) is one of the most prevalent malignan-
cies of the digestive system. In 2018, there were more than 1
million new cases and an estimated 783,000 deaths, making
it the fifth most common cancer and the third leading cause
of cancer death worldwide [1]. In China, GC accounts for
10.6% of all cancers, and the mortality rate is higher than the
incidence rate [2]. Tumor immunotherapy has received sig-
nificant attention in the treatment of multiple cancers includ-
ing GC in recent years [3, 4]. Unfortunately, the results of
GC immunotherapy were not satisfactory [5-7].

As a subtype of T cell, gamma delta (yd) T cells express
a T cell receptor composed of y and 6 chains and exert an
important role in innate and adaptive immune surveillance
[8]. Andrew et al. used the CIBERSORT, a computational
approach for inferring leukocyte representation in bulk
tumor transcriptomes, to demonstrate that intra-tumoral
v0 T cells emerged as the significant favorable prognostic
signatures across human malignancies, including GC [9].
Vy9V52 T cells represent a major subset of yd T cells and
have shown potent anti-tumor activity in vivo or in vitro
[10]. Combined allogeneic human Vy9V82 T cell immuno-
therapies and chemotherapy could efficiently regulate the
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development of human epithelial ovarian cancer cells in vivo
[11]. Adoptive transfer of Vy9V82 T cells in combination
with zoledronic acid reduced the tumor burden of secondary
pulmonary metastases and decreased osteolysis in a murine
model of osteolytic breast cancer [12]. In addition, intra-
peritoneal injection of in vitro expanded Vy9Vo2 T cells in
combination with zoledronate could result in local control
of malignant ascites in patients with GC [13]. Thus, a bet-
ter understanding of Vy9V82 T cell regulation in the tumor
microenvironment will improve the efficiency of VyOV62 T
cell immunotherapy in cancers.

Exosomes, small vesicles released by a variety of cells,
contain cell-specific bioactive substances such as DNA,
mRNA, protein, and miRNA, which could mediate commu-
nication between cells [14]. Emerging evidence shows that
exosomes play an important role in the regulation of diverse
biological processes of cancers, including immune evasion
[15-17]. For instance, GC-derived exosomes induced the
production of PD1-positive tumor-associated macrophages,
which produced large amounts of IL-10 and impaired the
function of CD8 + T cells [18]. Ren et al. reported that
GC-derived exosomes could promote the proliferation of
myeloid-derived suppressor cells and induce their immu-
nosuppressive function by increasing the expression of
ARGI1 [19]. Breast cancer cell-derived exosomal IncRNA
SNHG16 promoted the activation of the TGF-f1/SMADS
pathway and resulted in the conversion of yd1 T cells into
the CD73 + immunosuppressive subtype [20]. Moreover,
tumor-derived exosomes could orchestrate an anti- and pro-
tumoral yd T cell equilibrium under different oxygen pres-
sures in the tumor microenvironment [21]. However, the
effect of tumor-derived exosomes on Vy9V82 T cell function
is poorly explored in the tumor microenvironment of GC.

MiRNAs are endogenous single-stranded noncoding
RNAs that bind to the 3’ untranslated region (3’-UTR) of
specific target mRNAs, resulting in mRNA destabilization
and/or translational inhibition [22, 23]. Accumulating stud-
ies show that miRNAs can be secreted into the extracellular
environment through exosomes and modulate various bio-
logical processes [24, 25]. In this study, we identified that
GC-derived exosomal miR-135b-5p could be transferred
to Vy9Vd2 T cells and thereby impaired the function of
Vy9Vd2 T cells by targeting specificity protein 1 (SP1).

Materials and methods

Cell culture

The human GC cell lines SGC7901, MGC803 and MKN45
were cultured in DMEM (Biological Industries, Israel) sup-

plemented with 10% fetal bovine serum (FBS, Gibco, USA,
#10,099,141) and 1% penicillin—streptomycin (Beyotime,
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Shanghai, China, #C0222). The human gastric mucosal epi-
thelial cell line GES-1 was cultured in RPMI 1640 (Biologi-
cal Industries, Israel) supplemented with 10% FBS and 1%
penicillin—streptomycin. All cells were cultured in a humidi-
fied incubator at 37 °C in 5% CO.,.

Cell transfection and infection

MGC803 cells were transfected with equal amounts
(100 pmol) of miRNA mimics, inhibitors, or negative control
RNA (GenePharma, Suzhou, China) using Lipofectamine
2000 (Invitrogen, California, USA) according to the manu-
facturer’s protocols. The lentivirus anti-miR-135b-5p (LV-
miR-135b-IN) and lentivirus negative control (LV-NC)
were obtained from GenePharma. For lentivirus infection,
MGC803 cells and MKN45 cells were infected with LV-
miR-135b-IN or LV-NC at a multiplicity of infection (MOI)
of 60. The efficiency of infection was confirmed by counting
GFP-positive cells under a fluorescence microscope.

Human Vy9Vé2 T cell preparation

Human peripheral blood samples were collected from
healthy donors at the First Affiliated Hospital of Soochow
University. The Institutional Review Board of the First
Affiliated Hospital of Soochow University approved the
study protocol (reference number: 2021071). Peripheral
blood mononuclear cells (PBMCs) were separated from
the peripheral blood samples of healthy individuals via
differential density gradient centrifugation process using
Lymphocyte Separation Medium (TBD, Tianjin, China,
#LTS1077) according to the manufacturer’s instructions.
To expand Vy9Vd2 T cells, PBMCs were cultured in RPMI
1640 supplemented with 10% FBS, 1% penicillin—strep-
tomycin, zoledronic (5 pM, Abcam, #ab141980), recom-
binant human interleukin-2 (150 U/mL, PeproTech, USA,
#200-02), p-mercaptoethanol (50 pM, Sigma-Aldrich,
Germany, #M3148), MEM with nonessential amino acids
(1:100, Gibco, USA, #11,140,050) and L-glutamine (1:100,
Gibco, USA, #25,030,081) at a density of 1.5 X% 106 cells per
milliliter for 14 days. The culture medium was replaced by
fresh culture medium without zoledronic every 2—3 days.
The status and phenotype of yd T cells were evaluated by
flow cytometry. The purity of y3T cells was greater than
90%. In some experiments, the Vy9V2 T cells were purified
by the anti-TCR yd MicroBead Kit (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany) according to the manufac-
turer’s instructions.

Human CD4 +T cell and CD8 +T cell isolation

Human CD4 + T cells and CD8 + T cells were isolated from
PBMCs using Anti-PE MicroBeads (Miltenyi Biotec) and
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PE-conjugated anti-human CD4 (Biolegend, #300,508) or
PE-conjugated anti-human CDS8 (Biolegend, #301,008)
according to the manufacturer’s protocol.

Conditioned medium (CM)

GES-1 cells, MGC803 cells or MKN45 cells (8 x 10°) were
cultured in 6-well plates for 4 h. Then, the medium was
replaced with FBS-free culture medium. After 24 h, the con-
ditioned medium (CM) was collected.

Exosomes’ isolation

Exosomes were isolated from CM using an exoEasy Maxi
Kit (Qiagen, Hilden, Germany, #76,064) according to the
manufacturer’s instructions. Exosomes were quantified by
measuring protein concentration (Enhanced BCA Protein
Assay Kit, Beyotime, #P0010). The morphology and size
of exosomes identified by transmission electron micros-
copy (TEM) or Nanoparticle Tracking Analysis (NTA) were
performed in Wuhan Microscopic Biotechnology Co., Ltd
(Wuhan, China).

Exosomes uptake

Exosomes were labeled with Dil (Beyotime, #C1991s)
according to the manufacturer’s instructions. Vy9Vo2 T
cells were seeded at 1.5x 10° cells per well and treated
with Dil-labeled exosomes (30 pg) for 6 h at 4 °C or 37
°C. Dil-positive Vy9V82 T cells were then detected by flow
cytometry.

Inhibition of exosomes release

MGC803 cells or MKN45 cells (8 x 10°) were cultured in
6-well plates for 4 h. Then, the medium was replaced with
FBS-free culture medium with or without GW4869 (10 pM,
MedChemExpress, #HY-19363), an inhibitor of exosome
generation. After 24 h, the conditioned medium was col-
lected for exosome isolation.

CCK-8 assay

Vy9V82 T cells were seeded at 1 x 10° cells per well in a
96-well plate and incubated with exosomes or Plicamycin
(200 ng/ml, MedChemExpress, Monmouth Junction, #
HY-A0122) for 24 h. Subsequently, Cell Counting Kit-8
(CCK-8) reagent (10ul, NCM Biotech, #C6005) was added
to each well and incubated for 3 h, and the optical density
(OD) at 450 nm was measured. WST-8 in CCK-8 reagent
can be reduced to formazan by dehydrogenase in the mito-
chondria of living cells, and the output is proportional to
the number of living cells. The difference in cell viability of

Vy9Vo2 T cells was analyzed by comparing the results of
0OD450 in different groups.

Apoptosis assay

To evaluate the apoptosis of VyYOV32 T cells treated with
CM, exosome, GW4869, or Plicamycin, a PE Annexin-
V Apoptosis Detection Kit I (BD Biosciences, NJ, USA,
#559,763) was used according to the manufacturer’s instruc-
tions. To detect the apoptosis of CD4 + T cells or CD§+T
cells after treatment with CM, cells were stained with FTIC-
conjugated Annexin-V (BD Pharmingen, #556,420) and
7-AAD. After staining, the cells were analyzed using a FAC-
SAriall flow cytometer (Beckman Coulter, Brea, CA, USA).
Annexin-V +/7-AAD- cells and Annexin-V +/7-AAD +cells
were considered to have undergone apoptosis.

Flow cytometry

To analyze the level of IFN-y or TNF-a in Vy9Vd2 T cells
treated with CM, exosome, GW4869, or Pilcamycin, the
cells were incubated with Cell Activation Cocktail (Biole-
gend, #423,304) for 10 h. Subsequently, cells were stained
with PC7-conjugated anti-CD3 (BioLegend, #344,816), and
FITC-conjugated anti-y$ T (BioLegend, #331,208) at 4 °C
for 20 min. Then, cells were fixed and permeabilized with a
Fixation/Permeabilization Kit (BD Biosciences, #554,714)
according to the manufacturer’s instructions and followed
by staining with PE-conjugated antibody against IFN-y or
TNF-a (BioLegend, #506,507, #502,909). After staining,
the cells were analyzed by flow cytometry.

Real-time quantitative PCR (RT-qPCR)

Total RNA from cells was extracted using Trizol (Beyotime,
#R0016), and RNA from exosomes was isolated using a
miRNeasy Serum/Plasma Kit (Qiagen, #217,184) according
to the manufacturer’s instructions. cDNA was synthesized
using miRNA first-strand cDNA Synthesis Kit (Vazyme,
Nanjing, China, #MR101-02) or MonScript RTIII Super
Mix (Monad, China, #MR05201M). PCRs were performed
on a CFX96 Touch™ real-time PCR system (Bio-Rad, CA,
USA) using miRNA Universal SYBR qPCR Master Mix
(Vazyme, #MQ101-02) or MonAmp ChemoHS qPCR Mix
(Monad, China, #MQ004015). The cycling conditions were
as follows: one cycle at 95 °C for 5 min, 40 cycles of ampli-
fication at 95 °C for 10 s, and 60 °C for 30 s. RT-qPCR for
each sample was performed three times. U6 was used as an
internal control for cellular miRNAs, while miR-16 was used
as an internal control for exosomal miRNAs. $-actin was
used to normalize for individual gene expression. All prim-
ers used for RT-qPCR are listed in Supplementary Table 1.
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«Fig. 1 GC cell-derived conditioned medium induced apoptosis and
inhibited cytokine production of Vy9Vd2 T cells. a The apopto-
sis rate of VyY9Vd2 T cells treated with conditioned medium (CM)
from GES-1 cells (GES-1 CM), MGC803 cells (MGC803 CM) or
MKN45 cells (MKN45 CM) for 24 h was detected by flow cytome-
try. b The levels of intracellular IFN-y and TNF-a in Vy9V82 T cells
treated with GES-1 CM, MGC803 CM or MKN45 CM for 24 h were
detected by flow cytometry. Values are expressed as meansz+SD.
Data are representative of results from three independent experi-
ments. *p <0.05, **p <0.01, ***p <0.001

Western blotting

Cells and exosomes were lysed in RIPA buffer (Beyo-
time, #P0013D) containing protease inhibitors (Beyotime,
#P1045-1) and phosphatase inhibitors (Beyotime, #P1045-
2). The protein concentrations were measured using an
Enhanced BCA Protein Assay Kit (Beyotime, #P0010)
according to the manufacturer’s instructions. Total pro-
tein (20 pg) was separated by 10% SDS-PAGE (Beyotime,
#P0012A) and transferred onto 0.45 um PVDF membranes
(GE Healthcare Life science, Germany). The membranes
were blocked with 5% BSA (Fcmacs, Nanjing, China,
#FMS-WBO021) for 1 h and then incubated with anti-SP1
(Beyotime, #AF8040), anti-HSP70 (Beyotime, #AF1156),
anti-CD63 (Proteintech, #25,682—1-AP), or anti-f-actin
(Immunoway, #YM3028) at 4 °C overnight. The membranes
were incubated with the corresponding HRP-conjugated sec-
ondary antibodies for 1 h at room temperature. Finally, the
membranes were visualized with ECL reagents (NCM Bio-
tech, Suzhou, China, #10,100) using a Chemi DocTM MP
Imaging System (Bio-Rad). The samples were normalized
to p-actin.

Luciferase reporter assay

We obtained pmirGLO vectors containing the wild-type
(WT) or mutant (Mut) SP1 3°’UTR from Realgene Biotech
(Nanjing, China). For luciferase reporter assay, MGC803
cells were seeded in a 12-well plate. When cells reached
50% confluence, pmirGLO vectors and miR-135b-5p mimic
or miR-135b-5p inhibitor were co-transfected into the cells
using Lipofectamine 2000. After 24 h, luciferase activity
was examined using a DualLuciferase Reporter Assay Sys-
tem (Promega, Madison, USA, #E1910) according to the
manufacturer’s instructions.

Statistical analysis

All statistical analysis was performed by GraphPad Prism
7.0. Student’s t test was used to compare the differences
between the two groups. A one-way ANOVA test was
used for multiple comparisons. All values are presented
as the mean + SD. Data are representative of results from

at least 3 independent experiments. *p <0.05, **p <0.01,
**%p <0.001 was considered as statistically significant.

Results

The conditioned medium of GC cells inhibits
the function of Vy9Vé2 T cells.

To determine the effect of GC cells on Vy9Vd2 T cell func-
tion, VY9Vd2 T cells were treated with CM from GES-1,
MGC803 or MKN45 cells. The apoptosis rate of VYOVo2 T
cells treated with CM from MGC803 or MKN45 cells was
significantly higher than that of cells treated with CM from
GES-1 cells (Fig. 1a). In addition, the results of flow cytom-
etry showed that both IFN-y and TNF-a levels in Vy9OV82 T
cells treated with CM from MGC803 or MKN45 cells mark-
edly decreased compared with that of cells treated with CM
from GES-1 cells (Fig. 1b). These results suggest that GC
cell-derived CM promotes apoptosis of VY9V2 T cells and
suppresses the expression of IFN-y and TNF-a.

GC cell-derived exosomes inhibit the function
of Vy9V82 T cells in vitro.

Given that GC cells can release exosomes to modulate
immune cells [18, 26], we hypothesized that exosomes
derived from GC cells were involved in the regulation of
Vy9Vd2 T cell function. To verify this hypothesis, we used
GW4869, which has been used to block the secretion of
exosomes, to inhibit exosome generation in MGC803 and
MKN45 cells [27, 28]. As shown in Supplementary Fig. 1a,
treatment with GW4869 markedly attenuated the generation
of exosomes in MGC803 cells, as evidenced by reduced pro-
tein concentrations. CM from MGC803 cells and MKN45
cells pretreated with GW4869 significantly decreased the
apoptosis rate of Vy9V582 T cells (Fig. 2a). Moreover, CM
from MGC803 cells and MKN45 cells pretreated with
GW4869 obviously increased the proportions of IFN-y+and
TNF-a+Vy9Va2 T cells (Fig. 2b). These results indicate
that suppressing the generation of exosomes in GC cells
inhibits the apoptosis of Vy9V62 T cells and increases the
expression of IFN-y and TNF-a.

Then, we purified exosomes from the culture super-
natant of GES-1, MGC803, or MKN45 cells. Purified
exosomes were identified by TEM, NTA, and western
blotting (Fig. 3a—c). HSP70 and CD63 are known as exo-
somal markers. In order to prove that exosomes could be
taken up by Vy9Vd2 T cells, we incubated Vy9Vo2 T
cells with Dil-labeled exosomes that were isolated from
CM of MGC803 cells. Examination using flow cytometry
confirmed the uptake of Dil-labeled exosomes by Vy9Vd2
T cells at 37 °C (Fig. 3d). We next demonstrated the
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Fig.2 GC cell-derived conditioned medium modulated Vy9V62 T
cell function via exosomes. a The apoptosis rate of Vy9OVa2 T cells
treated with CM from MGC803 and MKN45 cells pretreated by
GW4869 was detected by flow cytometry. b The levels of intracel-
lular IFN-y and TNF-a in Vy9Vd2 T cells treated with CM from
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Fig.3 GC cell-derived exosomes regulated the function of Vy9V82 T
cells. a—¢ GES-1 cell-derived exosomes (GES-1 EXO) and MGC803
cell-derived exosomes (MGC803 EXO) were identified by TEM a,
NTA b and western blotting ¢. The expression of exosomal mark-
ers HSP70 and CD63 was analyzed by western blotting. (d) The
proportions of Dil-positive Vy9V82 T cells among Vy9V62 T cells
treated with Dil-labeled exosomes at 4 ‘C or 37 ‘C were detected by
flow cytometry. e The cell viability of VyOVd2 T cells treated with

important effect of GC cell-derived exosomes on Vy9V352
T cell function. As shown in Fig. 3e and Supplementary
Fig. 2a, both MGC803 and MKN45 cell-derived exosomes
significantly reduced the cell viability of Vy9Vd2 T cells
compared with GES-1 cell-derived exosomes. Consist-
ently, the apoptosis rate of Vy9V382 T cells treated with
MGC803 or MKN45 cell-derived exosomes was distinctly
higher than that of cells treated with GES-1 cell-derived
exosomes (Fig. 3f and Supplementary Fig. 2b). Moreover,
exosomes derived from MGC803 or MKN45 cells reduced
the IFN-y and TNF-a production in Vy9Vo2 T cells com-
pared with GES-1 cell-derived exosomes (Fig. 3g and Sup-
plementary Fig. 2c). Together, these results suggest that
GC cell-derived exosomes can regulate the function of
VyoVa2 T cells.

exosomes from GES-1 (GES-1 EXO) or MGC803 (MGC803 EXO)
cells was analyzed by CCK-8 assay. f, g The apoptosis rate (f) and
the IFN-y and TNF-a production g of Vy9V82 T cells treated with
exosomes from GES-1 (GES-1 EXO) orMGC803 (MGC803 EXO)
cells were detected by flow cytometry. Values are expressed as
means + SD. Data are representative of results from three independent
experiments. *p <0.05, **p <0.01, ***p <0.001

GC cell-derived exosomal miR-135b-5p is involved
in the y8 T cell dysfunction

Exosomal miRNAs have been reported to be involved in
cell-cell communication and modulate the biological func-
tions of recipient cells [29]. Previous studies showed that
upregulated miR-135b-5p in GC tissues was related to a
variety of malignant biological behaviors of GC, including
angiogenesis, proliferation, migration, and invasion [30-32].
Therefore, we hypothesized that GC cell-derived exosomes
modulate Vy9V82 T cell functions that are miR-135b-5p
dependent. Through RT-qPCR verification, we found that the
expression level of miR-135b-5p was frequently upregulated
in the GC cell lines (SGC7901, MGC803, and MKN45)
compared to the GES-1 cells (Fig. 4a). Furthermore, the
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Fig.4 GC cell-derived exosomal miR-135b-5p was involved in the
Vy9Va2 T cell dysfunction. a The expression of miR-135b-5p in
GES-1 cells, SGC7901 cells, MGC803 cells or MKN45 cells was
analyzed by RT-qPCR. b The expression of miR-135b-5p in GES-1
cell-derived exosomes (GES-1 EXO) or MGCS803 cell-derived
exosomes (MGC803 EXO) was analyzed by RT-qPCR. ¢ The expres-
sion of miR-135b-5p in Vy9Vd2 T cells co-treated with MGC803
exosome and Actinomycin D was analyzed by RT-qPCR. d The cell
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expression level of miR-135b-5p in MGC803 cell-derived
exosomes was distinctly higher than that in GES-1 cell-
derived exosomes (Fig. 4b). We next investigated whether
exosomes could deliver miR-135b-5p into Vy9Vd2 T cells.
As shown in Fig. 4c, MGC803 cell-derived exosomes mark-
edly increased the levels of miR-135b-5p in Vy9V82 T cells.
Moreover, the addition of Actinomycin D, a transcription
inhibitor, did not modify this effect (Fig. 4c), suggesting
that MGC803 cell-derived exosomes mediated miR-135b-5p
shuttling. To investigate the effect of GC cell-derived exoso-
mal miR-135b-5p on Vy9Va2 T cell functions, stable miR-
135b-5p knockdown MGC803 or MKN45 cell lines were
established and displayed decreased miR-135b-5p expres-
sion (Supplementary Fig. 3a and 3b). Importantly, miR-
135b-5p knockdown obviously reduced the miR-135b-5p
levels in MGC803 and MKN45 cell-derived exosomes (Sup-
plementary Fig. 3c). Furthermore, compared with VyoVvo2
T cells after treatment with exosomes derived from control
cells, Vy9Vo2 T cells treated with exosomes derived from
stable miR-135b-5p knockdown MGC803 or MKN45 cells
showed increased cell viability, decreased apoptosis rate,
and elevated IFN-y and TNF-« production (Fig. 4d—f). These
data suggest that GC cell-derived exosomal miR-135b-5p is
involved in the Vy9V82 T cell dysfunction.

SP1 is a functional target of miR-135b-5p in Vy9V$2
Tcells

To explore how miR-135b-5p could modulate the function
of Vy9V_&2 T cells, we utilized four mRNA target-predicting
algorithms (miRDB, miRWalk, Targetscan, and starbase) to
identify the potential downstream targets of miR-135b-5p
(Fig. 5a). One hundred and fifty-eight co-targets of miR-
135b-5p were used to compare with apoptosis- or IFN-y-
associated genes downloaded from GeneCards (http://www.
genecards.org). As shown in Fig. 5b, there were 18 genes in
common (Fig. 5b and Supplementary Table 2). Among these
18 genes, SP1 has been reported to promote the produc-
tion of IFN-y and inhibit the apoptosis of cells [33-36]. As
shown in Supplementary Fig. 4a, treatment with Plicamycin,
an inhibitor of SP1, obviously decreased the mRNA expres-
sion of T-bet, which is involved in regulating the expression
of IFN-y in Vy9Vo2 T cells [37]. Moreover, the inhibition
of SP1 markedly increased the apoptosis rate of Vy9Vo2 T
cells (Supplementary Fig. 4b). Therefore, we hypothesized
that GC cell-derived exosomal miR-135b-5p may regulate
Vy9VS82 T cell function through targeting SP1. The hybridi-
zation models between the 3’-UTR of human SP1 and miR-
135b-5p are shown in Fig. 5c. Luciferase reporter assay
confirmed that miR-135b-5p overexpression reduced, while
miR-135b-5p knockdown elevated, the activity of luciferase
reporter containing wild-type (WT) SP1 3’-UTR (Fig. 5d).
Mutagenesis of the miR-135b-5p binding sites abolished

all miR-135b-5p mediated regulatory effects (Fig. 5d). In
addition, the results of western blotting showed that the
upregulation of miR-135b-5p obviously reduced the protein
expression of SP1 in MGCB803 cells, whereas knockdown of
miR-135b-5p enhanced the levels of SP1 protein in this cell
type (Fig. Se and f). Moreover, exosomes derived from stable
miR-135b-5p knockdown MGC803 cells markedly increased
the protein levels of SP1 in Vy9V82 T cells (Fig. 5g).

Blocking SP1 function abolishes the effect
of exosomes derived from stable miR-135b-5p
knockdown GC cells on Vy9V82 T cell function

We next wondered whether the inhibition of Vy9V82 T cell
function by miR-135b-5p was related to SP1. We found that
the treatment with Plicamycin could abolish the effect of
exosomes derived from stable miR-135b-5p knockdown
MGC803 or MKN4S5 cells on Vy9V82 T cell viability, apop-
tosis, and IFN-y and TNF-a production (Fig. 6a-c). These
results indicate that GC cell-derived exosomal miR-135b-5p
inhibits the function of Vy9Vd2 T cells via SP1.

Discussion

In recent years, tumor immunotherapy based on yd T cells
shows an attractive prospect due to multiple favorable anti-
tumor characteristics of this cell type, such as recognizing
malignant cells, infiltrating tumors, and depicting strong
cytotoxic and pro-inflammatory activity [38—40]. However,
the Y0 T cell immunotherapy had limited effects in the treat-
ment of solid tumors [41-43]. To improve the effectiveness
of yd T cells in cancer immunotherapy, many strategies
including breaking the suppressive tumor microenvironment
have been proposed and explored [40, 43]. In our present
study, we found that the CM of GC cells could induce the
apoptosis of VyY9Vd2 T cells and reduce the production of
IFN-y and TNF-a. These results suggest that there may be
one or more factors in the microenvironment of GC that can
inhibit the immune function of Vy9V52 T cells. Therefore,
it is vital to figure out what causes the yd T cell dysfunc-
tion in the tumor microenvironment. Herein, we reported
that GC cells modulated the function of Vy9Va2 T cells
via exosomes, as evidenced by the decreasing apoptosis of
Vy9VE82 T cells and the increasing IFN-y and TNF-a expres-
sion after incubation with CM from GC cells pretreated with
GW4869. However, we could not exclude the possibility that
other factors including immune checkpoint molecules may
be involved in the regulation of VY9V&2 T cells in the tumor
microenvironment. In addition, a published study noted that
tumor-derived immunosuppressive exosomes induced a sup-
pressor phenotype in CD8 + T cells [44].
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miR-135b-5p inhibitor (miR-135b-IN), control RNA mimic (NC-

Melanoma-derived exosomes downregulated CD8 + T
cell responses through reduced T cell receptor (TCR) sign-
aling and diminished cytokine and granzyme B production
[45]. Liu et al. showed that exosome-mediated miRNA-451
derived from GC cells increased the Thl7-polarized dif-
ferentiation of these infiltrated T cells [46]. In our present
study, we found that CM from GC cells could induce the
apoptosis of CD4 +T cells and CD8+ T cells (Supplemen-
tary Fig. 5a and 5b). Both our and others’ studies suggested
that tumor-derived exosomes played important roles in the
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mimic) or control RNA inhibitor (NC-IN) was detected. e, f The
protein expression of SP1 in MGC803 cells treated with NC-mimic,
miR-135b-mimic, NC-IN, or miR-135b-IN was analyzed by western
blotting. g The protein expression of SP1 in Vy9V62 T cells treated
with exosomes from MGC803 cells infected with LV-miR-135b-IN
(EXO-miR-135b-IN) or MGC803 cells infected with LV-NC (EXO-
NC-IN) was analyzed by western blotting. Values are expressed as
means + SD. Data are representative of results from three independent
experiments. **p <0.01, ***p <0.001

regulation of y8 T cells and af T cells in the tumor micro-
environment. However, the regulatory effects of GC-derived
exosomes on CD4 +T cells and CD8+T cells need further
to be explored.

As mediators of cell-cell communication within the
tumor microenvironment, exosomes have been proved to
be critically involved in tumor immune response [47, 48].
For example, hypoxia-induced tumor exosomes influenced
macrophage recruitment and promoted M2-like polariza-
tion and miRNA-mediated metabolic shift [49]. In addition,
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miR-135b-IN and Plicamycin was analyzed by CCK-8 assay. b, ¢ The
apoptosis rate b and the IFN-y and TNF-a production (¢) of Vy9Vd2

nasopharyngeal carcinoma-derived exosomes facilitated
Treg T cell recruitment and induced overexpression of cell
markers associated with Treg phenotype [50]. Further-
more, tumor-derived exosomes orchestrated an anti- and
pro-tumoral yd T cell equilibrium under different oxygen
pressures in the tumor microenvironment [21]. Herein, we

T cells co-treated with EXO-miR-135b-IN and Plicamycin were
detected by flow cytometry. Values are expressed as means+SD.
Data are representative of results from three independent experi-
ments. *p <0.05, ¥**p <0.01, ***p <0.001

found that GC cell-derived exosomes inhibited the function
of VyOV82 T cells via the miR-135b-5p/SP1 axis.
MiR-135b-5p has been reported to be highly expressed in
GC tissues and is tightly associated with the poor prognosis
of GC patients [51]. MiR-135b-5p induced by Interleukin
1 promoted inflammation-associated gastric carcinogenesis
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in mice [52]. Chen et al. reported that miR-135b-5p over-
expression enhanced the viability, proliferation, invasion,
and migration of GC cells by targeting Kriippel-like fac-
tor 4 (KLF4) [30]. Also, miR-135b-5p induced by helico-
bacter pylori suppressed apoptosis and increased cisplatin
resistance in GC [53]. Moreover, exosomal miR-135b-5p
derived from gastric tumors inhibited the FOXO1 protein
expression and enhanced the growth of blood vessels [32].
In summary, these studies suggest that miR-135b-5p plays
a crucial role in the occurrence and progression of GC.
However, the role of miR-135b-5p in the regulation of GC
immune response has not been elucidated. In this study, we
unveiled that GC-secreted miR-135b-5p could be delivered
to VY9Vo2 T cells via exosomes, then decreased VyoVa2
T cell viability, increased apoptosis rate, and reduced IFN-y
and TNF-a production. To date, it has been reported that
exosomal miRNAs, such as miR-1290, miR-21-5p, miR-
423-5p, miR-501, miR-130a, and miR-155, play important
roles in the control of proliferation, metastasis, drug resist-
ance, and angiogenesis in GC [54-59]. Although our results
indicated that GC cell-derived exosomal miR-135b-5p is an
important regulator of VY9V82 T cells, other exosomal miR-
NAs participated in the regulation of Vy9Vo2 T cells need
further to be identified.

Additionally, we explored the possible mechanism by
which exosomal miR-135b-5p may modulate the apopto-
sis of VyY9Vd2 T cells and IFN-y and TNF-a production.
With bioinformatic approaches, we found that among these
targets of miR-135b-5p, SP1, a member of the SP tran-
scription factor family [60], is associated with both cell
apoptosis and IFN-y production [33-36]. MAML1 knock-
down inhibited the proliferation of T cell acute lympho-
blastic leukemia cells and induced apoptosis through SP1-
dependent inactivation of TRIMS59 [33]. Bortezomib could
downregulate the expression of Notchl via degradation
of SPI to elicit the cytotoxicity in T-ALL cells in vitro
and in vivo [35]. In addition, SP1 has been reported to
be involved in the transcriptional control of T-bet expres-
sion, resulting in increased production of IFN-y in NK
cells and T cells [36]. Wang R et al. found that TGF-f1
could promote chondrocyte proliferation by downregulat-
ing SP1 through MSC-exosome-derived miR-135b [61].
Herein, in vitro luciferase assays indicated that SP1 was
a direct target of miR-135b-5p. Moreover, miR-135b-5p
overexpression reduced, while miR-135b-5p knockdown
enhanced, the protein expression of SP1 in MGC803 cells.
Also, exosomes derived from stable miR-135b-5p knock-
down MGCS803 cells markedly increased the protein levels
of SP1 in Vy9Voa2 T cells. Most importantly, we observed
that Plicamycin treatment abolished the effect of exosomes
derived from stable miR-135b-5p knockdown MGC803
or MKN45 cells on Vy9Vd2 T cell viability, apoptosis,
and IFN-y and TNF-a production. All the above results
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miR-135b-5p modulating the function of Vy9V32 T cells

indicate that the effect of exosomal miR-135b-5p on yd
T cell dysfunction is SP1 dependent. Previous studies
have shown the potent anti-tumor activity of yo T cells
in multiple cancers, such as epithelial ovarian cancer and
breast cancer [11, 12]. Given that both exosomes and
miR-135b-5p played important roles in modulating tumor
progression in various cancers, we inferred that the exo-
somal miR-135b-5p/SP1 pathway might be involved in the
regulation of yd T cell function in other types of cancer.
Therefore, it may be valuable to explore the role of exo-
somal miR-135b-5p/SP1 pathway in regulating yd T cell
function in cancers in our future study.

In summary, our data in this study clarified that GC
cells could impair the function of Vy9Vo2 T cells via the
exosomal miR-135b-5p/SP1 pathway (Fig. 7). Targeting
the exosomal miR-135b-5p/SP1 axis represents a promis-
ing approach that may be valuable for GC immunotherapy
based on Vy9Vo2 T cells.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-021-02991-8.
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