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Abstract
Background  While small extracellular vesicles (sEVs)-derived circular RNAs (circRNAs) have been emerged as 
significant players in cancer, the function and underlying mechanism of sEVs-derived circRNAs in anti-cancer 
immunity remain unclear.

Methods  Gastric cancer (GC)-derived circRNAs were identified using RNA-seq data from GEO datasets and 
quantitative reverse transcription polymerase chain reaction (qRT-PCR), RNA immunoprecipitation, dual-luciferase 
assay, and bioinformatics analysis were performed to investigate the regulatory axis. Transwell assay, wound healing 
assay, cell counting kit-8 (CCK-8) assay, and xenograft models were used to evaluate its role in GC progression 
in vivo and in vitro. The delivery of specific circRNAs into sEVs were verified through electron microscopy, 
nanoparticle tracking analysis (NTA) and fuorescence in situ hybridization (FISH). Flow cytometric analysis and 
immunohistochemical staining were conducted to find out how specific circRNAs mediated CD8+ T cell exhaustion 
and resistant to anti-programmed cell death 1 (PD-1) therapy.

Results  We identified that circ_0001947, packaged by GC-derived sEVs, was obviously elevated in GC and was 
associated with poor clinical outcome. High circ0001947 level augmented the proliferation, migration, and invasion 
of GC cells. Mechanistically, circ0001947 sponged miR−661 and miR−671−5p to promote the expression of CD39, 
which further facilitated CD8+ T cell exhaustion and immune resistance. Conversely, blocking circ_0001947 attenuated 
CD8+ T cell exhaustion and increased the response to anti-PD−1 therapy.

Conclusions  Our study manifested the therapeutic potential of targeting sEVs-transmitted circ_0001947 to prohibit 
CD8+ T cell exhaustion and immune resistance in GC.
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Introduction
Gastric cancer (GC) is one of the most prevalent malig-
nancies and the top three causes of cancer-related mor-
tality globally [1]. Although GC diagnosis and therapy 
have achieved advancements, the prognosis of patients 
remains unsatisfactory. Immune checkpoint blockade 
(ICB) that targets PD-1, PD-L1, and CTLA-4 has made 
great success in reversing immunosuppression in anti-
cancer therapy [2], and anti-PD-1 therapy has became the 
first-line therapeutic strategy for patients with unresect-
able or metastatic GC [3, 4], which has been verified to 
effectively prolong the 5-year overall survival. Although 
the promising immunotherapy has shed a light on future 
directions, most GC patients failed to respond to check-
point therapy [5, 6]. Therefore, strategies for overcoming 
the immune resistance to anti-PD-1 therapy are urgently 
needed.

The tumor microenvironment (TME) is a pivotal pre-
condition for the response to ICB [7]. As an important 
courier in the TME, sEVs, the 30-150nm membrane-
enclosed particles derived from various cell types [8], 
contribute to the cancer-stroma crosstalk through 
transferring abundant bioactive molecules [9], which 
furthermore make sEVs candidate treatment targets. 
Accumulating research has demonstrated that sEVs con-
tained multiple signals including proteins, non-coding 
RNAs, and lipids to reshape the TME and engaged in 
immune escape and tumor progression [10–12]. Cir-
cRNAs are a type of non-coding RNAs that are highly 
stable due to their covalent loop structures without 
5’ caps, 3’ tails [13]. Mechanistically, circRNAs exert 
their regulatory effects on GC mainly by functioning as 
microRNAs (miRNAs) sponges to mediate the down-
stream expression [14, 15]. Furthermore, it has been 
manifested that circRNAs could be transmitted into sEVs 
to involve in diverse processes such as tumor occurrence, 
and drug resistance [16, 17], implying that TME may be 
influenced by sEVs-delivered circRNAs. As the major 
effector cells in the process of anti-cancer immunity, 
the number and cytotoxic ability of CD8+ T cells largely 
determine the immunotherapy outcomes [18–20]. Under 
some circumstances, CD8+ T cells gradually display 
weakened proliferative capacity and reduced cytotoxic 
molecules, which is referred to as “CD8+ T cells exhaus-
tion” [21]. Exhausted CD8+ T cells are characterized by 
upregulated level of inhibitory molecules such as PD-1 
and T cell immunoglobulin domain and mucin domain 
3 (Tim-3) and downregulated level of cytotoxic mol-
ecules such as interferon (IFN)-γ, granzyme B (GZMB), 
and perforin [22]. CD39 (ENTPD1) is a ectoenzyme that 
hydrolyze adenosine triphosphate (ATP) and has been 
proven to skew CD8+ T cells toward exhaustion pheno-
type [23, 24]. However, the complex relationship between 

sEVs-derived circRNAs and the status of CD8+ T cells in 
GC is still unknown.

In this study, we identified that circ_0001947 (cir-
cAFF2) was significantly upregulated in GC-derived 
sEVs and was correlated with GC cells proliferation, 
invasion, and migration and worse prognosis in GC 
patients. More importantly, circ_0001947 encapsulated 
by sEVs contributed to CD8+ T cells exhaustion, result-
ing in the resistance to anti-PD-1 therapy. Mechanisti-
cally, circ_0001947 served as a sponge of miR-661 and 
miR-671-5p to augment CD39 expression, which ulti-
mately promoting cancer progression and immune resis-
tance. Thus, our results suggested that sEVs-transmitted 
circ_0001947 is a potential target for reversing CD8+ T 
cells exhaustion in GC and improving the response to 
ICB.

Methods
Cell lines
The human gastric epithelial cell line GES−1, human 
GC cell line AGS, and murine GC cell line MFC were 
purchased from the National Infrastructure of Cell 
Line Resource (NICR, China). All cells were cultured 
in DMEM (Gibco, USA) supplemented with 10% fetal 
bovine serum (FBS; Gibco, USA), 100 U/ml penicillin and 
100  µg/ml streptomycin in a humidified incubator with 
5% CO2.

Human tissue samples
A total of 30 pairs of GC tissues and adjacent normal tis-
sues were collected from patients who were diagnosed 
with GC and underwent surgery at the Fourth Affiliated 
Hospital of Hebei Medical University from 2017 to 2022. 
All samples were obtained with informed content and 
preserved in lipid nitrogen for further use. Two experts 
confirmed histological and pathological diagnosis and 
performed according to the International Ethical Guide-
lines for Biomedical Research Involving Human Subjects. 
All related procedures were conducted with the approval 
of the internal review and ethics boards of the Fourth 
Affiliated Hospital of Hebei Medical University (approval 
number 2019ME0039).

sEVs isolation and identification
Cells cultured in 10% vesicle-depleted medium with-
out FBS were prepared for sEVs extraction. Conditioned 
medium (CM) was collected after 48h incubation and 
centrifuged at 300 x g for 5 min, followed by 3000 x g for 
15  min to remove all cell debris and apoptotic vesicles. 
CM was then purified through a 0.22 μm filter (Millipore, 
USA), followed by ultracentrifugation spins at 100 000 
x g for 70 min at 4 °C to pellet sEVs. Purified sEVs were 
collected through washing pellet with PBS and cetrifug-
ing at 100 000 x g for 70 min at 4 °C. Finally, sEVs were 
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resuspended in PBS and remaining pellet was reconsti-
tuted and deposited at -80 °C.

Transmission electron microscope (JEOL, Japan) was 
applied to identify the morphology of sEVs. Identification 
of sEVs protein markers was conducted by Western blot. 
The sEVs concentration and size were measured using a 
nanoparticle tracking analysis (NTA) with NanoSight 
N300 (Malvern, UK) and analyzed with NTA analytical 
software version 3.4.

sEVs uptake experiment
sEVs purified from GC cells were co-cultured with 
PKH−26 red fluorescent Cell Linker Mini Kit (Sigmae-
Aldrich, USA) at room temperature for 5  min. CD8+T 
cells were cultured in laser confocal culture dishes and 
co-cultured with PKH26-labeled sEVs for 24h. Then the 
nuclei of CD8+T cells was colored with 4,6-diamidino−2-
phenylindole (DAPI) for 10  min, and the staining was 
observed with fluorescence microscope (Olympus 
FV3000, Japan).

FISH assay
FISH was conducted according to manufacturer’s con-
structions as previously described [25]. GC cells were 
cultured in confocal dishes and fixed with 4% parafor-
maldehyde for 25  min. Then, cells with Cy3-labeled 
circ_0001947 probe (GenePharma, China) were hybrid-
ized at 37 °C overnight. DAPI was used for counterstain-
ing the cell nuclei. After that, the images of circ_0001947 
subcellular distribution were captured under a ZEISS 
LSM800 confocal microscope (Carl Zeiss AG, Germany).

RNase R treatment and actinomycin D assay
For RNase R treatment, 2 µg of total RNA extracted from 
AGS cells was incubated with RNase R (Epicenter Tech-
nologies, USA) for 30 min at 37 °C to degrade liner RNA. 
The stability of circAFF2 and AFFF2 mRNA was tested 
by qRT-PCR.

For Actinomycin D assay, after 24h incubation of AGS 
cells in 6-well plate, 2 mg/l actinomycin D (Sigma, USA) 
was added into each well for 4, 8, 12, 16h respectively. 
Then the cells were collected at the indicated time points 
for qRT-PCR.

RNA extraction and qRT-PCR
Total RNA was extracted using TRIzol reagent (Invi-
trogen, USA) according to the manufacturer’s rec-
ommendations. cDNA was reverse described with a 
PrimeScriptTMRT Reagent Kit (TaKaRa, Japan). qRT-
PCR was carried out through Quantstudio™ DX system 
(Applied Biosystems, Singapore). β-actin was used as 
internal control. Relative expressions were calculated by 
using 2−∆∆CT method.

Plasmid construction and cell transfection
To construct the circ_00001947, circ_0004592 and 
circ_0077736 knockdown plasmid, small hairpin RNAs 
(shRNAs) targeting the junction region of related cir-
cRNAs were synthesized and cloned into the pGPU6/
GFP/puromycin vector (IGE Biotech Co, China). GC cells 
were tansfected with plasmids following the manufac-
turer’s instructions according to previous research [26]. 
The miR−661 mimics, miR−671−5p mimics, miR−661 
inhibitors, and miR−671−5p inhibitors were purchased 
from GenePharma Company (Shanghai, China) and 
Lipofectamine RNAimax (Invitrogen, USA) was used for 
transfection.

Dual-luciferase assay
The wild-type (WT) and mutant (MT) circ_0001947 
were recombined into psiCHECK−2 (Promega, USA) for 
the luciferase assay. 4 × 104 HEK293 cells per well were 
plated into 24-well plates overnight and co-transfected 
with a WT vector or MT vector and miRNA mimics or 
control mimics with Lipofectamine 2000. After 48h co-
transfection, the luciferase activity was detected using 
dual-luciferase reporter assay system (Promega, USA).

CCK−8 assay
CCK−8 assay was performed to assess the proliferation 
ability of GC cells. AGS cells were planted on 96-well 
plates at a density of 2 × 103 per well, then 20 µl CCK−8 
solutions was added into each well at the indicated point 
of 24, 48, and 72h of culture. Finally, the optical density 
(OD) was measured at 450 nm.

Cell migration and invasion assays
For transwell assay, cells were seeded into a BD Transwell 
chamber (CoStar, USA) with 24 wells. After 24h, the cells 
across the membrane were fixed with 4% formaldehyde 
and stained by 0.2% crystal violet for 20 min to identify 
the migrated and invaded cells. The stained cells were 
calculated in three random fields.

For wound healing assay, cells were cultured in a 6-well 
plated at a density of 2 × 104 per well and scraped using 
1000 ml pipette tips. The artificial wounds were detected 
at 0 and 24h after scratch.

CD8 + T cell isolation
10 ml fresh peripheral blood were collected from healthy 
donors and human CD8 + T cells were isolated and puri-
fied peripheral blood mononuclear cells (PBMCs) by 
an Easy-Sep™ Direct Human CD8 + T Cell Isolation 
Kit (STEMCELL Technologies, Canada). Afterwards, 
CD8 + T cells were plated into 24-well plates and incu-
bated with anti-CD3/anti-CD28 antibodies (R&D Sys-
tems, USA) at 2 µl/well and IL2 (Abcam, UK) at 20 ng/ml 
for 48h to activate.
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sEVs incubation with CD8 + T cell
sEVs (500  µg) derived from GC cells were seeded into 
12-well plates and preactivated CD8 + T cells were added. 
CD8 + T cells were analyzed by using flow cytometry after 
24h incubation.

Flow cytometry
Isolated cells from PBMCs were processed into single-
cell suspesions and incubated with surface markers for 
20 min, on ice in the dark. Then BD Cytofix Kit (BD Bio-
sciences, USA) was used for stain intracellular markers 
according to the manufacturer’s instructions. The expres-
sions were detected using BD Accuri C6 flow cytom-
eter (BD Biosciences, USA). The following surface and 
intracellular markers were used: CD3 (BD Biosciences, 
341091), CD45 (BD Biosciences, 348795), CD8 (BD 
Biosciences, 341051), PD−1 (BD Biosciences, 570479), 
Tim−3 (BD Biosciences, 567124), IFN-γ(BD Biosciences, 
569266), perforin (BD Biosciences, 563762), and Gran-
zyme B (BD Biosciences, 571118).

RIP assay
The RIP assay was conducted using the RNA-binding 
protein immunoprecipitation kit (Millipore, USA) fol-
lowing the manufacturer’s protocols as previously 
described [26]. GC cells were harvested and lysed in RIP 
lysis buffer. Cell lysates were incubated with protein A/G 
agarose beads (Roche, USA) conjugated with anti-AGO2 
(CST, #2897S) or anti-IgG (CST, #7074S) antibody over-
night at 4 °C, then washed with wash buffer. The beads-
bound RNAs were purified and the enrichment values of 
circ_0001947 were detected by qRT-PCR.

Western blot analysis
Proteins extracted from cells were separated by SDS-
polyacrylamide gels and transferred onto PVDF mem-
branes. The following primary antibodies against CD63 
(Abcam, ab193349), CD81 (Abcam, ab79559), TSG101 
(Abcam, ab133586), Calnexin (Abcam, ab112995), CD39 
(Abcam, ab223842),β-actin (Abcam, ab8227) were used. 
Then the blots were incubated with secondary antibod-
ies for 2h at room temperature and the signals were 
visualized via enhanced chemiluminescence assay (ECL) 
(Thermo Fisher, USA).

Animal models
All animal experiments were approved by the Committee 
on the Ethics of Animal Experiments of Hebei Medical 
University. 4–6 weeks old 615 mice were purchased from 
Institute of Hematology & Blood Disease Hospital, Chi-
nese Academy of Medical Science (Tianjin, China) and 
MFC cell line transfected with circ_001947 shRNA and 
control vector was prepared for animal experiment. First, 
all mice were divided randomly into the knockdown 

control group (sh-NC group)and circ_0001947 knock-
down group (sh-circ_001947 group) (n = 5) to valuate 
the function of circ_001947 on gastric cancer. A total of 
2 × 106 MFC cells were inoculated into the right side of 
mice. Next, to explore the impact of sEVs-transmitted 
circ_0001947 on CD8+ T cell exhaustion, the mice were 
divided into four groups (n = 5) including the knock-
down-control sEVs group treated with 0.9% normal saline 
(NS), circ_0001947 knockdown sEVs group treated with 
0.9% NS and POM−1 (a CD39 inhibitor), knockdown-
control sEVs group treated with anti-PD−1 antibody, 
and circ_0001947 knockdown sEVs group treated with 
anti-PD−1 antibody and POM−1. A total of 1 × 106 MFC 
cells were inoculated into the right side of mice. 60  µg 
sEVs extracted from sh-NC and sh-circ_001947 MFC 
cells were injected into the tumor every 3 days starting 
after the tumor formation, while 10  mg/kg anti-PD−1 
antibody and 5  mg/kg POM−1 were intraperitoneally 
injected every 5 days. Tumor growth was measured every 
5 days by monitoring the volumes, which was calculated 
by the formula: 0.5×length×width2. The mice were sacri-
ficed after 30 days and tumors were removed for further 
analysis.

Immunohistochemistry
Paraffin-embedded tumor tissue samples were sectioned 
into 5 mm. After blocking with 10% bovine serum albu-
min (BSA) for 1h at room temperature, the samples were 
incubated with antibodies specific for CD8 (Abcam, 
ab237709) and migration and invasion markers as 
Vimentin (Abcam, ab20346) and N-cadherin (Abcam, 
ab245827) overnight at 4  °C, then incubated with sec-
ondary antibodies at room temperature for 1h. The 
immunohistochemistry images were observed using a 
microscope.

Bioinformatics analysis
CircRNA sequencing data in GC was obtained from GEO 
database (GSE131414, GSE152309, and GSE163416). Dif-
ferentially expressed genes (DEGs) between GC tissues 
and normal tissues were extracted by using the package 
“limma” and setting the cutoff as P < 0.05. ENCORI data-
base was used to identify miRNAs with binding sites on 
circ_0001947. Targetscan database was used to predict 
the downstream targets of miRNAs. We obtained sin-
gle-cell sequencing from TISCH database (GSE183904 
and GSE167297) and conducted t-distributed stochastic 
neighbor embedding (t-SNE) algorithm in the CCA R 
package to delineate cell clusters. The uniform manifold 
approximation and projection (UMAP) algorithm was 
performed to find out CD39 expression across all cell 
types.
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Statistical analysis
The experimental results were analyzed by Student’s t test 
(unpaired, two tailed) or one-way ANOVA. The data are 
presented as the mean ± standard deviation (SD). P < 0.05 
was considered as statistically significant. All statisti-
cal analyses were performed using GraphPad Prism 8.0 
Software.

Results
Circ_0001947 was identified as a novel prognosis-related 
and overexpressed circRNA in GC cells
We obtained differently expressed GC-associated cir-
cRNAs from three datasets in GEO database (Fig. 1A) and 
found 6 common upregulated circRNAs: circ_0000048, 
circ_0001821, circ_0001947, circ_0004592, circ_0008433 
and circ_0077736 (Fig.  1B). We found that the level of 
circ_0001947 was higher in GC tissues than that in nor-
mal tissues (Fig. 1C) and correlated with poor prognosis 
for GC patients (Fig. 1D) as well as higher tumor size and 
TNM stage (Table 1). Further PCR results revealed that 
circ_0001947 was overexpressed in GC tissues (Fig. 1E). 
Sanger sequencing verified that backsplice junction site 
of circ_0001947 (Fig.  1F). Meanwhile, treated by RNase 
R dampened the level of linear AFF2 mRNA and had no 
effect on circAFF2 (Fig. 1G). After treating with Actino-
mycin D, circAFF2 exhibited more stability than linear 
AFF2 mRNA (Fig. 1H). Furthermore, FISH assay revealed 
circ_0001947 was localized in the cell cytoplasm (Fig. 1I).

Circ_0001947 was overexpressed in sEVs from GC and 
promoted GC cell proliferation, migration, and invasion
sEVs were isolated from the plasma of GC patients and 
detected by electron microscopy and NTA assay, which 
showed the unique morphology of sEVs with the diam-
eter of 143 nm (Fig. 2A, B). The higher expression of sEVs 
markers CD63, CD81, and TSG101 and lower expres-
sion of calnexin in sEVs from GC further quantified sEVs 
(Fig. 2C). circ_0001947 has the highest levels among the 
6 upregulated circRNAs mentioned above in GC-derived 
sEVs, while no significant difference was found among 
circ_0001947, circ_0004592, and circ_0077736 (Fig. 2D). 
Then, we established stable knockdown of circ_0001947, 
circ_0004592, and circ_0077736 to explore their effect 
of on GC. CCK−8 assay showed a significant decrease in 
proliferative ability after inhibiting circ_0001947 expres-
sion (Fig.  2E), but no significant difference was found 
after inhibiting circ_0004592 or circ_0077736 expres-
sion (Figure S1A, B). Transwell and wound healing assay 
confirmed the invasion and migration of GC cells was 
restricted by circ_0001947 knockdown (Fig. 2F, G), while 
circ_0004592 or circ_0077736 knockdown exerted no 
significant effect on the invasion and migration of GC 
cells revealed by transwell (Figure S1C, D) and wound 
healing assay (Figure S1E, F). MFC cells transfected with 

sh-NC or sh-circ_001947 were inoculated into the mice 
and we found a obviously dampened tumor growth sh-
circ_0001947, indicating that circ_0001947 stimulated 
tumor progression in vivo (Fig. 2H, I).

Circ_0001947 served as a sponge of miR−661 and 
miR−671−5p
Former research has proved that circRNAs could per-
form functions as competitive endogenous RNAs to 
mediate miRNA expression 27. To explore the under-
lying mechanism of circ_0001947, we used ENCORI 
database to find out downstream miRNAs interacting 
with circ_001947. As revealed by ENCORI database, 
circ_001947 could bind to miR−661 and miR−671−5p 
(Fig.  3A). We conducted RIP assay in GC cells and 
the results indicated that endogenous circ_0001947 
was enriched (Fig.  3B), suggesting the possibility of 
circ_0001947 functioning as miRNA sponge. Dual-lucif-
erase assay verified that miR−661 and miR−671−5p mim-
ics decreased the luciferase activity of WT circ_0001947 
rather than MT circ_0001947 (Fig. 3C, D). The levels of 
miR−661 and miR−671−5p were significantly upregu-
lated after decreasing circ_0001947 expression (Fig. 3E). 
The expression of miR−661 and miR−671−5p was found 
obviously decreased in GC tissues than normal tissues 
(Fig.  3F). To analyze whether circ_0001947 promoted 
GC progression by binding to miR−661 or miR−671−5p, 
we performed a miR−661 or miR−671−5p mimics co-
transfected with sh-circ_0001947 into GC cells. CCK−8 
(Fig.  3G), transwell (Fig.  3H) and wound healing assay 
(Fig.  3I) demonstrated that circ_0001947 knockdown 
could reduce the proliferation, migration, and invasion 
phenotype of GC cells, while miR−661 or miR−671−5p 
inhibitors partly abolished the function of circ_0001947 
knockdown. Taken together, circ_0001947 stimulated 
GC progression by acting as miR−661 or miR−671−5p 
sponge.

CD39 was targeted by miR−661 or miR−671−5p
To analyze the downstream of miR−661 and miR−671−5p, 
we utilized TargetScan database to find out the target 
gene CD39 (ENTPD1) (Fig.  4A, B). Meanwhile, CD39 
was demonstrated to positively correlate to circ_0001947 
expression (Fig. 4C). Previous studies have demonstrated 
that CD39 expressed on CD8+ T cells participated in 
regulating T cells exhaustion [24]. Then, we conducted 
single-cell sequencing analysis of CD39 expression in 
two GC single-cell datasets (GSE183904, GSE167297), 
and we found that CD39 expression exhibited a positive 
relationship with the presence of CD8+ T cells (Fig. 4D, 
E). For sEVs tracking, GC-derived sEVs were labeled with 
PKH−26, and the result revealed that sEVs were effec-
tively absorbed by CD8 + T cells (Fig.  4F). Subsequently, 
we treated CD8+ T cells with sEVs from GC cells and 
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Fig. 1  Circ_0001947 was identified as a novel prognosis-related and overexpressed circRNA in GC cells. A Volcano plots based on the DEGs between 
GC and normal tissues analyzed from GEO datasets GSE131414, GSE152309, and GSE163416. B Common DEGs from three datasets. C Circ_0001947 was 
upregulated in GC. D Circ_0001947 expression was negatively correlated with overall survival. E Circ_0001947 was upregulated in GC tissues detected by 
PCR assay. F The genomic loci and circular sturcture of circ_0001947, which was verified by Sanger sequencing. G Expression of circular and linear AFF2 
in AGS cells after RNase R treatment. H Expression of circular and linear AFF2 in AGS cells treated with Actinomycin D. I Circ_0001947 was located in cell 
cytoplasm revealed by -FISH assay. Scale bar, 20 μm. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. NS, not significant
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supplemented with miR−661 or miR−671−5p mimics and 
inhibitors. The WB results verified that CD39 expres-
sion in CD8+ T cells was obviously downregulated after 
treatment of miR−661 or miR−671−5p mimics, while 
miR−661 or miR−671−5p inhibitors further promoted 
sEVs-induced CD39 expression (Fig.  4G, H). In conclu-
sion, these results confirmed that CD39 was targeted by 
miR−661 and miR−671−5p.

sEVs carried circ_0001947 induced CD8 + T cell exhaustion
CD39 was identified to serve as a crucial regulatory 
role in CD8+ T cell exhaustion. In consideration of 
sEVs-encapulated circ_0001947 was abundant in GC 
tissues and it could target CD39, we further explored 
its effect on CD8+ T cell exhaustion. According to the 
circ_0001947 expression in GC tissues detected by PCR 
assay, we divided our 30-patient tissues into two groups. 
Interestingly, we found that circ_0001947-high group had 
lower CD8+ T cell infiltration, which was confirmed by 

immunohistochemical results (Fig. 5A, S2). CD8+ T cells 
were isolated from PBMCs of healthy donors and identi-
fied as CD45+/CD3+/CD8+ cells (Figure S3). Then we co-
cultured CD8+ T cells with AGS cells for further study, 
and sEVs from sh-NC or sh-circ_001947 were added to 
the treatment (Fig.  5B). At the same time, POM−1 was 
added to inhibit CD39 expression. We found that the 
level of IFN-γ (Fig.  5C), perforin (Fig.  5D), and GZMB 
(Fig.  5E) on CD8+ T cells was elevated through inhibit-
ing sEVs carried circ_0001947 and CD39. Conversely, the 
level of PD-1 (Fig. 5F) and Tim-3 (Fig. 5G) was reduced 
by inhibiting sEVs carried circ_0001947 and CD39. These 
results indicated that circ_0001947 encapsulated by sEVs 
induced CD8+ T cell exhaustion.

sEVs carried circ_0001947 contributed to immune 
resistance in GC
It has been reported that CD8+ T cell exhaustion was an 
important factor in immune resistance modulation, so 
we explored whether sEVs-packaged circ_0001947 could 
modulate immune resistance through mediating CD8+ T 
cell exhaustion. To evaluate the function of sEVs carried 
circ_0001947 on anti-PD-1 efficacy, sEVs from sh-NC 
or sh-circ_0001947 were injected into mice. Meanwhile, 
the mice were treated with 0.9% NS, POM−1 or anti-
PD−1 antibody. We found that sh-circ_0001947 carried 
by sEVs combined with CD39 inhibitor significantly 
reduced tumor growth rate (Fig. 6A, B) and tumor weight 
(Fig.  6C). Moreover, flow cytometry results showed 
that infiltrated CD8+ T cells were increased after CD39 
knockdown and anti-PD−1 treatment (Fig. 6D). Immuno-
histochemistry analysis revealed that the expressions of 
migration and invasion markers as Vimentin and N-cad-
herin were attenuated after sEVs carried sh-circ_0001947 
treatment and that they further suppressed by CD39 
knockdown and anti-PD−1 treatment (Fig.  6E). Taken 
together, our results demonstrated that circ_0001947 
encapsulated by sEVs facilitated anti-PD−1 resistance in 
GC (Fig. 6F).

Discussion
A well-known hallmarks of cancer is to escape from 
immune surveillance and contribute to immune resis-
tance 28. In the past decades, a variety of cancer research 
focused on discover new checkpoints such as SMAR-
CAL1, CD3L1, and IGSF8 29–31. However, the solution 
to overcome immune resistance and improve existing 
checkpoints efficacy remains largely overlooked. With 
the development of novel technologies like single-cell 
sequencing and high-throughput sequencing, thousands 
of circRNAs were identified and their functions endowed 
by stable structures in cancers were further explored 
32, 33. In this study, we screened differential circRNA 
profiles of GC tissues from RNA-seq data from GEO 

Table 1  Correlation of circ_0001947 expression and 
clinicopathological features in GC
Parameters Number of patients circ_0001947 

expression
P value

Low High
Gender
  Male 18 8 10 0.999
  Female 12 5 7
Age(years)
  ≥ 60 19 7 12 0.454
  < 60 11 6 5
Tumor location
  Upper 21 7 14 0.123
  Lower 9 6 3
Tumor diameter
  ≥ 5 cm 20 5 15 0.007
  < 5 cm 10 8 2
Tumor infiltration depth
  Intraserous 13 4 9 0.283
  Extraserous 17 9 8
TNM stage
  I-II 8 6 2 0.049
  III-IV 22 7 15
Differentiation
  Well 9 2 7 0.229
  Poor 21 11 10
Lymph node metastasis
  Yes 17 10 7 0.071
  No 13 3 10
Vessel invasion
  Yes 11 6 5 0.454
  No 19 7 12
Distant metastasis
  Yes 4 1 3 0.613
  No 26 12 14
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Fig. 2  Circ_0001947 was overexpressed in sEVs from GC and promoted GC cell proliferation, migration, and invasion. A Transmission electron microscope 
images of sEVS from GC. Scale bar, 100 nm. B NTA analysis of sEVS from GC. C WB assay of positive and negative biomarkers in AGS-derived sEVs and cells. 
D Expression of 6 circRNAs in GC-derived sEVs. E CCK−8 assay of AGS cells transfected with sh-NC and sh-circ_0001947. F Transwell assay of AGS cells 
transfected with sh-NC and sh-circ_0001947. Scale bar, 50 μm. G Wound healing assay of AGS cells transfected with sh-NC and sh-circ_0001947. Scale bar, 
200 μm. H General images of subcutaneous xenograft tumor model. I Tumor growth curved of subcutaneous xenograft tumor model. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001, NS, not significant
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Fig. 3  Circ_0001947 served as a sponge of miR−661 and miR−671−5p. A The predicted binding sites between circ_0001947 and miR−661, miR−671−5p 
revealed by ENCORI database. B RIP results of circ_0001947 in Ago2 immunoprecipitations. C Dual-luciferase assay showed the binding properties of 
circ_0001947 and miR−661. D Dual-luciferase assay showed the binding properties of circ_0001947 and miR−671−5p. E PCR assay of miR−661 and 
miR−671−5p expression after circ_0001947 knockdown. F MiR−661 and miR−671−5p expression was downregulated in GC tissues detected by PCR assay. 
G CCK−8 assay of AGS cells transfected with sh-NC, sh-circ_0001947, sh-circ_0001947 + miR−661 inhibitors and sh-circ_0001947 + miR−671−5p inhibi-
tors. H Transwell assay of AGS cells transfected with sh-NC, sh-circ_0001947, sh-circ_0001947 + miR−661 inhibitors and sh-circ_0001947 + miR−671−5p 
inhibitors. Scale bar, 50 μm. I Wound healing assay of AGS cells transfected with sh-NC, sh-circ_0001947, sh-circ_0001947 + miR−661 inhibitors and sh-
circ_0001947 + miR−671−5p inhibitors. Scale bar, 200 μm. ***P < 0.001; ****P < 0.0001
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datasets and identified circ_0001947, related to worse 
prognosis, was overexpressed in GC tissues.

Emerging research has reported that circRNAs often 
exerted their effects as an oncogenic regulator in GC. 
CircCUL2 contributed to malignant transformation 
of GC by sponging miR−142−3p to mediate ROCK2 
expression 34. Circ50547 promoted gastric carcinogen-
esis through acting as a miR-217 sponge and modulating 
HNF1B expression 35. CircSTRBP was found to perform 

its function via miR-1294/miR-593-3p/E2F2 axis, thereby 
inducing GC progression 36. CiRS−7 was verified to 
inhibit the miR−7-regulated PTEN/PI3K/AKT pathway, 
which ultimately facilitated GC progression 37. Thus, 
we investigated the role of circ_0001947 in GC. We 
found that overexpressed circ_0001947 obviously led to 
the proliferation, migration, and invasion of GC cells. 
Reciprocally, downregulated circ_0001947 significantly 

Fig. 4  CD39 was targeted by miR−661 or miR−671−5p. A The predicted binding sites between miR−661 and CD39 revealed by TargetScan database. B 
The predicted binding sites between miR−671−5p and CD39 revealed by TargetScan database. C Correlation between expression of circ_0001947 and 
CD39 in GC. D-E Validation of CD39 (ENTPD1) expression in two gastric single-cell datasets (GSE183904, GSE167297). From left to right, cell cluster plot 
and CD39 expression plot in different cells. F Representative images of the internalization of PKH-26-labeled sEVs (red) by CD8+ T cells. Scale bar, 10 μm. G 
WB assay of CD39 expression in CD8+ T cell transfected with sEVscirc_0001947, sEVscirc_0001947 and miR−661 mimics, or sEVscirc_0001947 and miR−661 inhibitors. 
H WB assay of CD39 expression in CD8+ T cell transfected with sEVscirc_0001947, sEVscirc_0001947 and miR−671−5p mimics, or sEVscirc_0001947 and miR−671−5p 
inhibitors
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suppressed the proliferation, migration, and invasion of 
GC cells in vivo and vitro.

When exploring the mechanism underlying the regula-
tory effect of circ_0001947 on GC progression, we con-
ducted bioinformatic analysis to find out miR−661 and 
miR−671−5p as the downstream targets of circ_0001947. 

Additionally, we found the upregulated expression of 
miR−661 and miR−671−5p after circ_0001947 knock-
down. Increasing evidence indicated that circRNAs could 
perform their functions by sponging miRNAs to regulate 
protein-coding genes 38, 39. In our study, the RIP assay 
confirmed the enrichment of circ_0001947 in AGO2 

Fig. 5  sEVs carried circ_0001947 induced CD8 + T cell exhaustion. A Representative images of immunohistochemical staining on CD8 in 30 GC patients. 
Scale bar, 50 μm. B Co-culture of CD8+ T cells treated with sEVs and AGS cells. C-E Percentage of IFN-γ+ (C), perforin+ (D), and GZMB+ (E) in CD8+ T cells 
after treating with sEVscirc_0001947 and/or POM−1 detected by flow cytometry. F-G Percentage of PD−1+(F) and Tim−3+ (G) in CD8+ T cells after treating 
with sEVscirc_0001947 and/or POM−1 detected by flow cytometry. *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 6  sEVs carried circ_0001947 contributed to immune resistance in GC. A General images of subcutaneous xenograft tumor model. B Tumor growth 
curved of subcutaneous xenograft tumor model. C Tumor weight curved of subcutaneous xenograft tumor model. D Comparison of expression of CD8+/
CD45 + cells in tumors detected by flow cytometry. E Immunohistochemical staining of Vimentin and N-cadherin after treating with sEVscirc_0001947 and/or 
POM−1 and/or anti-PD−1. Scale bar, 100 μm. F Schematic diagram of sEVs-packaged circ_0001947 in GC tumor microenvironment. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001
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immunoprecipitation and dual-luciferase assay identi-
fied the direct relationship of miR−661, miR−671−5p 
and circ_0001947. Meanwhile, the enhanced of miR−661 
and miR−671−5p could significantly dampen the pro-
liferation, invasion, and migration of GC induced by 
circ_0001947.

sEVs could carry proteins, DNAs, and RNAs that 
remodel the complicated TME, which may ulti-
mately alter the response to ICB 40, 41. For example, 
miR−142−3p contained by sEVs promoted apoptosis in 
T cells to affect immunosuppression 42. Head and neck 
squamous cell carcinoma (HNSCC) derived sEVs con-
taining CD73 activated NF-κB pathway in macrophages, 
thereby contributing to immunosuppression 43. In this 
study, we reported that circ_0001947 was stable present 
in GC derived sEVs with remarkably upregulated expres-
sion. Circ_0001947 encapsulated by sEVs from GC cells 
was able to increase the expression of Tim-3 and PD-1 
while decrease the expression of IFN-g, GZMB, and per-
forin in T cells, implying that sEVs-carried circ_0001947 
facilitated CD8+ T cell exhaustion. In addition, CD8+ T 
cell exhaustion caused by sEVs-carried circ_0001947 led 
to the resistance to anti-PD−1 therapy in GC. Further-
more, we explored the mechanism by which sEVs-carried 
circ_0001947 contributed to CD8+ T cell exhaustion. In 
our research, we found that CD39 expressed on CD8+ 
T cell was the downstream target of miR−661 and 
miR−671−5p. Previous studies have demonstrated CD39 
was a vital regulator in T cell function 44, 45. CD8+ T 
cell exhaustion and immune resistance were rescued 
after inhibiting CD39 expression induced by sEVs-car-
ried circ_0001947, indicating that circ_0001947 encap-
sulated by sEVs contributed to CD8+ T cell exhaustion 
and immune escape through sponging miR−661 and 
miR−671−5p to elevate CD39 level in GC.

In summary, our study demonstrated the oncogenic 
role of circ_0001947 as promoting proliferation, invasion, 
and migration of GC. sEVs-carried circ_0001947 could 
act as miR−661 or miR−671−5p sponge to upregulate 
CD39, a key regulator in T cell function. The overpressed 
CD39 contributed to CD8+ T cell exhaustion and resis-
tance of GC cells to anti-PD−1 therapy, which caused the 
immunosuppressive TME. Thus, our study open up new 
avenues for overcoming immune escape in GC.
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