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Non-small cell lung cancer (NSCLC) has a high morbidity and
mortality, and it is imperative to explore the latent
pathogenesis mechanism of NSCLC progression to find po-
tential prognostic biomarkers and therapeutic targets. The
present study aimed to explore the biological function of
circSHKBP1 in NSCLC. circSHKBP1 was found to be upregu-
lated in NSCLC tissues and cell lines and was enriched in exo-
somes derived from NSCLC cells. Exosomal circSHKBP1
enhanced the proliferation, migration, invasion, and stemness
of NSCLC cells. miRNA-1294 was identified as a target for
circSHKBP1, and circSHKBP1 upregulated PKM2 expression
by sponging miR-1294. Exosomal circSHKBP1 regulated
glycolysis through PKM2 in a HIF-1a-dependent manner in
NSCLC cells and promoted M2 polarization and macrophage
recruitment. Moreover, exosomal circSHKBP1 promoted
NSCLC cell growth, metastasis, and M2 infiltration in vivo.
Thus, exosomal circSHKBP1 participated in the progression
of NSCLC via the miR-1294/PKM2 axis. circSHKBP1 may
be potential biomarker for the diagnosis and treatment of
NSCLC.

INTRODUCTION
Lung cancer is one of the most common malignancies and is a leading
cause of cancer-related deaths worldwide.1 Non-small cell lung cancer
(NSCLC) is the most common type of lung cancer, accounting for
approximately 85% of all lung cancer cases with a survival rate below
15%.2 Lung adenocarcinoma (LUAD) and lung squamous carcinoma
(LUSC) are the most general subtypes of NSCLC. Surgical resection,
chemotherapy, and radiotherapy are the main modalities for the treat-
ment of NSCLC, with limited therapeutic effects. Although the diag-
nosis and treatment have improved in recent years, the prognosis for
NSCLC remains poor.3 Furthermore, the potential mechanisms of
NSCLC development, progression, and metastasis have not been fully
elucidated. Hence, it is urgent to seek new strategies of treatment for
patientswith lung cancer. Abetter understanding of the underlyingmo-
lecular mechanism and the exploration of potential prognostic bio-
markers and therapeutic targets are vital to extending the survival rate
of patients with NSCLC.
470 Molecular Therapy: Oncolytics Vol. 24 March 2022 ª 2022 The Au
This is an open access article under the CC BY-NC-ND license (http
Exosomes are a specific subtype of extracellular vesicles with a diam-
eter of 40–160 nm. Exosomes produced by host cells can be ingested
by adjacent or distant cells and affect their biological function.4

Exosomes contain distinct biological molecules such as non-coding
RNAs (ncRNAs), DNA, lipids, and proteins5 and are implicated in
many diseases, including cancer.6 Exosomes containing functional
ncRNAs can contribute to the progression of NSCLC. Exosomal
miRNA-130a derived from cancer-associated fibroblasts confers
cisplatin resistance in NSCLC cells.7 Exosomal circ-MEMO1 acceler-
ates the progression and aerobic glycolysis of NSCLC.8 Exosome-
transmitted long non-coding RNA (lncRNA) UFC1 promotes
NSCLC cell proliferation, migration, and invasion by inhibiting phos-
phatase and tensin homolog deleted on chromosome ten (PTEN)
expression.9 Therefore, it is worthwhile to further explore the role
of exosomes in NSCLC progression.

Circular RNAs (circRNAs) are a category of ncRNAs with closed cir-
cular structures generated by linear RNA molecules.10 In the last few
years, many circRNAs have been authenticated and found to be
involved in multiple biological processes including the cell cycle, pro-
liferation, invasion, migration, apoptosis, angiopoiesis, epithelial-
mesenchymal transition, and immune escape.11–14 circRNAs act as
“miRNA sponges” and bind microRNAs (miRNAs) to abolish
the regulation of target genes induced by miRNAs.15,16 hsa_
circ_0000936, a subtype of circSHKBP1, is an oncogenic circRNA
derived from the SHKBP1 gene and is reported to promote gastric
cancer progression by regulating the miR-582–3p/HUR/vascular
thors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Exosomal circSHKBP1 is overexpressed in NSCLC

(A) The heatmap shows the top 20 upregulated and downregulated circRNAs. (B) The expression of the ten most upregulated circRNAs in 10 paired NSCLC tumors and

normal tissues. (C) Two exons form circSHKBP1 by back splicing from the chromosomal region, and Sanger sequencing of circSHKBP1 showed the back-splice junction. (D)

(legend continued on next page)
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endothelial growth factor (VEGF) axis and suppressing heat shock
protein 90 (HSP90) degradation.17 Moreover, hsa_circ_0000936
was also reported to regulate the angiogenesis of U87 glioma-exposed
endothelial cells through the miR-544a/FOXP1 and miR-379/FOXP2
pathways.18 However, the roles of circSHKBP1 in NSCLC have rarely
been reported. Hence, the present study aimed to explore the
regulatory role of circSHKBP1 in NSCLC progression and further
elucidate its possible mechanism in NSCLC, which may provide evi-
dence for a promising novel diagnostic and therapeutic biomarker for
NSCLC.
RESULTS
circSHKBP1 is upregulated in NSCLC and enriched in serum

exosomes

The circRNA GEO: GSE158695 dataset, comprised of three pairs of
human NSCLC tissues and corresponding non-cancerous tissues,
was downloaded from the GEO database. A total of 87 differentially
expressed circRNAs were sorted by their fold change (|log FC| > 1,
adjusted p value < 0.05). The top 40 differentially expressed genes are
listed in a heatmap in Figure 1A. Then, we further analyzed the five
most upregulated circRNAs by quantitative reverse transcription
PCR (qRT-PCR) in 10 paired NSCLC tumors and normal tissues
and found that hsa_circ_0000936, which was derived from SHKBP1
and designated circSHKBP1, was the most significantly upregulated
circRNA (Figure 1B).

Convergent primers were employed to detect the linear form of
SHKBP1, and divergent primers containing a back-splice junction
were used to amplify only the circular form of circSHKBP1. There
was an evident binding around the expected size in the divergent
primers for cDNA but no product for the genomic DNA (gDNA)
(Figure S1A). Furthermore, Sanger sequencing confirmed the
head-to-tail splicing of the amplified circSHKBP1, indicating that
circSHKBP1 was derived from exons 11 and 12 of the SHKBP1
gene (Figure 1C). In addition, circSHKBP1 also showed resistance
to RNase R and had a longer half-life than the linear form
(Figures S1B and S1C). Importantly, we found that circSHKBP1
was largely localized in the cytoplasm of A549 and H1299 cells
(Figure 1D).

Then, we analyzed the expression of circSHKBP1 in four human
NSCLC cell lines and one normal bronchial epithelial cell line
(HBE) as a control and found that circSHKBP1 was upregulated
in NSCLC cells (Figure 1E). In addition, circSHKBP1 expression
in 100 paired NSCLC tissues and normal tissues was examined,
which demonstrated that circSHKBP1 was upregulated in NSCLC
tissues compared with matched normal tissues (Figure 1F). We
A fluorescence in situ hybridization assay was conducted to determine the subcellular lo

one normal bronchial epithelial cell line (HBE). **p < 0.01 compared with HBE. (F) cir

compared with the normal group. (G) Exosomes fromNSCLC tissues were identified via

(H) Serum exosomal circSHKBP1 levels in 100 NSCLC patients. ***p < 0.001 compare

diagnostic value of exosomal circSHKBP1. (J) Levels of exosomal circSHKBP1 in four h

independent experiments are shown as the mean ± SD (error bars). **p < 0.01 compa
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also found that SHKBP1 expression was upregulated in NSCLC
tissues and was positively correlated with circSHKBP1 levels (Fig-
ures S1D and S1E). High SHKBP1 expression was associated with
poor overall survival (OS) of patients with NSCLC (Figure S1F).
Analysis of the clinical characteristics of circSHKBP1 suggested
that circSHKBP1 expression levels were related to NSCLC
lymphatic metastasis and tumor node metastasis (TNM) stage
(Table S1).

Exosomes derived from the serum of patients with NSCLC were
separated and identified via transmission electron microscopy
(TEM), particle metrix (PMX), and western blotting (Figure 1G).
Exosomes from the serum of patients with NSCLC contained high
levels of circSHKBP1 (Figure 1H). The receiver operating character-
istic (ROC) curve was plotted using the exosomal circSHKBP1
expression level to estimate the diagnostic value of exosomal
circSHKBP1 (Figure 1I). The area under the ROC curve (AUC)
was 0.853, suggesting that exosomal circSHKBP1 might serve as a
diagnostic biomarker for NSCLC. Moreover, compared with the
level in HBE cell culture medium, exosomal circSHKBP1 was over-
expressed in 4 human NSCLC cell lines, especially A549 and H1299
(Figure 1J). Therefore, we used A549 and H1299 cells in the
following analyses.
Exosomal circSHKBP1 promotes the proliferation, colony

formation, migration, and invasion of NSCLC cells

Considering the significant overexpression of exosomal circSHKBP1 in
the culturemediumofNSCLC cells, we further explored the role of exo-
somal circSHKBP1 in NSCLC cells. circSHKBP1 overexpression upre-
gulated exosomal circSHKBP1 levels, while circSHKBP1 knockdown
decreased exosomal circSHKBP1 levels in A549 and H1299 cells (Fig-
ures S2A and S2B). First, exosomes (200 mg/mL) separated from
circSHKBP1-plasmid-transfectedA549andH1299 cell culturemedium
were used to coculture untreatedA549 andH1299 cells. Exosomes from
circSHKBP1-plasmid-transfected NSCLC cells (EXO-circSHKBP1)
markedly enhanced circSHKBP1 levels in both A549 and H1299 cells
(Figure 2A). Then, Cell Counting Kit-8 (CCK-8) assays were carried
out to test the proliferation of A549 and H1299 cells, and we found
that EXO-circSHKBP1 induced cell proliferation (Figure 2B). The re-
sults of colony formation assays indicated that EXO-circSHKBP1
enhanced the tumor formation ability of A549 andH1299 cells (Figures
2C and 2D). Transwell assays showed that EXO-circSHKBP1promoted
NSCLC cell migration and invasion (Figures 2E and 2F). To further
confirm the effect of exosomal circSHKBP1, we also knocked down
circSHKBP1 expression by specific small interfering RNA (siRNA),
and then the exosomes from each group were separated. As expected,
knockdown of exosomal circSHKBP1 inhibited NSCLC cell
calization of circSHKBP1. (E) circSHKBP1 levels in four human NSCLC cell lines and

cSHKBP1 levels in 100 NSCLC tissues and matched normal tissues. ***p < 0.01

transmission electron microscopy (TEM), particle metrix (PMX), and western blotting.

d with the normal group. (I) ROC analysis was conducted to evaluate the potential

uman NSCLC cell lines and HBE cell culture medium. Quantitative data from three

red with HBE.



Figure 2. EXO-circSHKBP1 promotes NSCLC cell proliferation, colony formation, migration, and invasion in vitro

A549 and H1299 cells were first transfected with the circSHKBP1 plasmid or specific siRNA for circSHKBP1, and then the exosomes were isolated and designated EXO-

circSHKBP1 and EXO-si-circSHKBP1, respectively. (A) The levels of circSHKBP1 in A549 and H1299 cells after coculture with EXO-circSHKBP1. (B) Assessment of the

proliferation of A549 and H1299 cells after coculture with EXO-circSHKBP1 by CCK-8 assay. (C and D) Assessment of the colony formation of A549 and H1299 cells

cocultured with exosomes by colony formation assay. (E and F) Assessment of the migration and invasion of A549 and H1299 cells cocultured with EXO-circSHKBP1 by

Transwell assay. Quantitative data from three independent experiments are shown as the mean ± SD. **p < 0.01 and ***p < 0.001 compared with EXO-vector.
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proliferation, colony formation, migration, and invasion (Figures S2C–
S2G). These results suggested that circSHKBP1 could affect the
biological functions of adjacent or distant NSCLC cells. Exosomal
circSHKBP1 promoted NSCLC cell growth and metastasis, while the
knockdown of exosomal circSHKBP1 suppressed NSCLC cell
development.
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Figure 3. EXO-circSHKBP1 enhances stemness-related gene expression and CSC properties in NSCLC cells

(A and B) The percentage of CD133+ cells was analyzed by flow cytometry. (C and D) The self-renewal ability of A549 and H1299 cells was assessed by sphere-formation

analysis. (E and F) mRNA and protein levels of stemness-related genes (SOX2, ABCG2, NANOG, and Oct4) in A549 and H1299 cells after the indicated treatment.

Quantitative data from three independent experiments are shown as the mean ± SD (error bars). **p < 0.01 compared with EXO-vector.
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Exosomal circSHKBP1 enhances the stemness of NSCLC cells

in vitro

Cancer stem cells (CSCs) are the major source of cancer initiation,
relapse, and drug resistance.19 We next explored the role of exosomal
circSHKBP1 on CSC properties. CD133 is a specific cell surface
marker for NSCLC CSCs, and CD133+ cells show stem-like and high-
ly tumorigenic features.20 In this study, we found that EXO-
circSHKBP1 increased the percentage of CD133+ cells in both A549
474 Molecular Therapy: Oncolytics Vol. 24 March 2022
andH1299 cells (Figures 3A and 3B). Moreover, sphere-formation as-
says revealed that EXO-circSHKBP1 promoted self-renewal ability
(Figures 3C and 3D). In addition, we also showed that EXO-
circSHKBP1 upregulated the mRNA and protein levels of stem-
ness-related genes (SOX2, ABCG2, NANOG, and Oct4) (Figures 3E
and 3F). All results suggested that EXO-circSHKBP1 was involved
in the stemness of NSCLC cells, which further accelerated the malig-
nant phenotype of NSCLC.



Figure 4. EXO-circSHKBP1 affects NSCLC cell proliferation, migration, invasion, and stemness via the miR-1294/PKM2 axis

A549 and H1299 cells cocultured with EXO-si-circSHKBP1#1 were transfected with amiR-1294 inhibitor or PKM2 overexpression vector. (A) The levels of miR-1294 in A549

and H1299 cells were assessed after the indicated treatment. (B) The levels of PKM2 mRNA in A549 and H1299 cells were assessed after the indicated treatment. (C) The

levels of PKM2 protein in A549 and H1299 cells were assessed after the indicated treatment. (D) Assessment of the proliferation of A549 and H1299 cells after the indicated

(legend continued on next page)
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circSHKBP1 upregulates PKM2 expression via inhibition of miR-

1294

Recently, many circRNAs have been reported to function as
competing endogenous RNAs (ceRNAs) in modulating the expres-
sion and biological functions of miRNAs.4 As circSHKBP1 was
largely localized in the cytoplasm, we hypothesized that circSHKBP1
may act as a miRNA sponge to prevent miRNAs from binding with
their target mRNAs. miR-1294 was predicted to be a cotarget for
circSHKBP1 and PKM2 through an online database and article.21

miR-1294 was found to be downregulated, while PKM2 was upregu-
lated in 30 NSCLC tissues with high levels of circSHKBP1 (Figures
S3A and S3B). Furthermore, we found that the expression of miR-
1294 was negatively associated with the expression of circSHKBP1,
and that the expression of PKM2 was positively associated with the
expression of circSHKBP1 (Figures S3C and S3D). The expression
of miR-1294 was negatively associated with the expression of
PKM2 (Figure S3E). Importantly, we also found that the expression
of serum exosomal circSHKBP1 was negatively associated with the
expression of miR-1294 and positively associated with the expression
of PKM2 (Figures S3F and S3G). To further explore the clinical sig-
nificance of PKM2 andmiR-1294 in NSCLC, we evaluated their prog-
nostic effects via a public database of Kaplan-Meier plotter analysis:
http://www.kmplot.com. There was no predictive significance of
miR-1294 in either LUAD or LUSC (Figures S3H and S3I). A higher
PKM2 level was correlated with a poorer OS in LUAD, while there
seemed to be no predictive significance of PKM2 in patients with
LUSC (Figures S3J and S3K). These results showed that circSHKBP1,
miR-1294, and PKM2 could constitute a regulatory pathway in
NSCLC.

To further confirm this conjecture, luciferase assays were performed.
As shown in Figure S4A, the relative firefly/Renilla luciferase activity
was decreased in A549 cells cotransfected with a miR-1294 mimic in
the wild-type PKM2 group or the wild-type circSHKBP1 group, while
no obvious change was observed in the other groups. To further un-
derstand the mechanism between circSHKBP1 and miR-1294, radio
immunoprecipitation (RIP) assays were performed. Ago2, which is
the key component of the RNA-induced silencing complex, was
used to verify whether circSHKBP1 serves as ceRNA to sequester
miR-1294. The data suggested that circSHKBP1 was enriched in
Ago2 immunoprecipitates (Figure S4B). Subsequently, RNA pull-
down experiment results suggested that both circSHKBP1 and
PKM2 physically bind to miR-1294, as circSHKBP1 and PKM2
were dramatically enriched in the sample pulled down by biotinylated
miR-1294 (Figures S4C and S4D).We assessed the expression of miR-
1294 in A549 and H1299 cells after circSHKBP1 overexpression or
knockdown and found that circSHKBP1 overexpression reduced
miR-1294 levels and circSHKBP1 knockdown increased miR-1294
levels (Figures S4E and S4F). Moreover, circSHKBP1 overexpression
treatment with CCK-8. (E and F) Assessment of the migration and invasion of A549 and

CD133+ cells was analyzed by flow cytometry. (H and I) The self-renewal abilities of A549

three independent experiments are shown as the mean ± SD (error bars). *p < 0.05

circSHKBP1#1.
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promoted PKM2 mRNA expression, and circSHKBP1 knockdown
inhibited PKM2 mRNA expression (Figures S4G and S4H). The
miR-1294 inhibitor upregulated PKM2 mRNA expression, and the
miR-1294 mimic inhibited PKM2 mRNA expression in A549 and
H1299 cells (Figures S4I and S4J). These results showed that
circSHKBP1 may perform its function by upregulating PKM2 via
sponging miR-1294.
EXO-circSHKBP1 affects NSCLC cell proliferation, migration,

invasion, and stemness via the miR-1294/PKM2 axis

To verify whether EXO-circSHKBP1 performs its function through
the miR-1294/PKM2 axis, NSCLC cells were cotreated with EXO-
si-circSHKBP1#1 and a miR-1294 inhibitor or a PKM2 overexpres-
sion vector. EXO-si-circSHKBP1#1 upregulated miR-1294 levels in
A549 and H1299 cells. The miR-1294 inhibitor reversed the miR-
1294 levels upregulated by EXO-si-circSHKBP1#1, while PKM2 over-
expression had no significant effect on the miR-1294 levels upregu-
lated by EXO-si-circSHKBP1#1 (Figure 4A). EXO-si-circSHKBP1#1
inhibited the mRNA and protein expression of PKM2, and both the
miR-1294 inhibitor and PKM2 overexpression reversed the mRNA
and protein expression of PKM2 decreased by EXO-si-circSHKBP1#1
(Figures 4B and 4C). Furthermore, EXO-si-circSHKBP1#1 inhibited
NSCLC cell proliferation, migration, invasion, and stemness
compared with EXO-si-NC. The inhibitory effect of EXO-si-
circSHKBP1#1 on NSCLC cell proliferation, migration, invasion,
and stemness was completely reversed by the miR-1294 inhibitor
and PKM2 overexpression (Figures 4D and 4I). These results sug-
gested that exosomal circSHKBP1 affected the biological functions
of adjacent or distant NSCLC cells via the miR-1294/PKM2 axis.
EXO-circSHKBP1 regulates glycolysis through PKM2 in a HIF-

1a-dependent manner in NSCLC cells

Glycolysis is the major way by which cancer cells obtain energy, and
PKM2 catalyzes the irreversible committed step of glycolysis.22 We
further explored whether exosomal circSHKBP1 played a role in
glycolytic metabolism. Exosomes from NSCLC cells promoted
glucose uptake and lactate production in A549 and H1299 cells.
EXO-circSHKBP1 promoted glucose uptake and lactate production,
while EXO-si-circSHKBP1#1 inhibited the glucose uptake and lactate
production in A549 and H1299 cells (Figures 5A and 5B), suggesting
that circSHKBP1 plays a positive role in NSCLC glycolysis. PKM2 is
known to play a crucial role in glycolysis by activating HIF-1a-depen-
dent transcription of glycolytic enzymes.23 Luciferase assays indicated
that circSHKBP1 knockdown reduced the reporter activity of HIF-1a
and that PKM2 overexpression enhanced the reporter activity of HIF-
1a. PKM2 overexpression reversed the inhibition of the reporter ac-
tivity of HIF-1a induced by circSHKBP1 knockdown (Figure 5C).
Additionally, circSHKBP1 knockdown downregulated the mRNA
H1299 cells after the indicated treatment by Transwell assay. (G) The percentage of

and H1299 cells was assessed by sphere-formation analysis. Quantitative data from

and **p < 0.01 compared with EXO-si-NC; ##p < 0.01 compared with EXO-si-
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Figure 5. EXO-circSHKBP1 regulates NSCLC progression through glycolysis

(A and B) A549 and H1299 cells were cocultured with EXO-circSHKBP1 or EXO-si-circSHKBP1#1 for 48 h, and then glucose consumption and lactate excretion were

assessed. **p < 0.01 compared with control; ##p < 0.01 compared with EXO-vector; &&p < 0.01 compared with EXO-si-NC. (C) HIF-1a-responsive luciferase activity was

examined after the indicated transfection. (D and E) The mRNA expression of HK2 and GLUT1 in A549 and H1299 cells after circSHKBP1 overexpression or knockdown. (F)

The protein levels of HIF-1a, HK2, and GLUT1 in A549 and H1299 cells after circSHKBP1 overexpression or knockdown. (G) Assessment of the proliferation of A549 and

H1299 cells after the indicated treatment by CCK-8. (H and I) Assessment of the migration and invasion of A549 and H1299 cells after the indicated treatment by Transwell

assay. (J) The self-renewal ability of A549 and H1299 was assessed by sphere-formation analysis. **p < 0.01 compared with the control; ##p < 0.01 compared with si-

circSHKBP1. Quantitative data from three independent experiments are shown as the mean ± SD (error bars).
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Figure 6. Exosomal circSHKBP1 promotes M2 polarization of macrophages

(A) Representative images by confocal microscopy of the internalization of PKH67-labeled A549 exosomes (red) by THP-1macrophages. (B) Internalization of PKH67-labeled

exosomes by macrophages was assessed by flow cytometry after coculture for 24 h. (C) The mRNA expression of the M2 polarization markers CD206, IL-10, IL-4, and Arg1

in macrophages cocultured with exosomes for 48 h. (D) The mRNA expression of the M1 polarization markers CD86, IL-12, TNF-a, and INF-g in macrophages cocultured

with exosomes for 48 h. (E and F) Flow cytometry was used to explore the surface expression of CD206 and CD86 in macrophages cocultured with exosomes for 48 h. (G)

(legend continued on next page)
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and protein expression of HIF-1a, HK2, and GLUT1 in A549 and
H1299 cells, while PKM2 overexpression had the opposite effect.
PKM2 overexpression restored the mRNA and protein expression
of HIF-1a, HK2, and GLUT1 reduced by the circSHKBP1 knock-
down (Figures 5D–5F). The knockdown of PKM2 in NSCLC cells
abolished the exosomal circSHKBP1 effects on NSCLC cell prolifera-
tion, migration, invasion, and stemness (Figure S5). In addition, we
also found that the glycolytic inhibitor 2-DG completely reversed
the positive effects on NSCLC cell proliferation, migration, invasion,
and stemness induced by EXO-circSHKBP1 (Figures 5G–5J). There-
fore, exosomal circSHKBP1 promoted NSCLC progression by
enhancing glycolysis in a PKM2/HIF-1a-dependent manner.
Exosomal circSHKBP1 promotes M2 polarization and

macrophage recruitment

Tumor-associated macrophages (TAMs) and tumor cells are primary
components of the tumor microenvironment. M2 polarization of
TAMs plays a major role in NSCLC malignancy and metastasis.
PKM2, a downstream effector of circSHKBP1, was also implicated
in macrophage differentiation through glycolysis.22 Therefore, we
next explored the function of exosomal circSHKBP1 on macrophage
differentiation. A549-derived exosomes were labeled with the red
fluorescent dye PKH26 and were efficiently taken up by THP-1 mac-
rophages (Figures 6A and 6B). After coculturing A549-derived exo-
somes with phorbol 12-myristate 13-acetate (PMA)-induced THP-1
cells for 48 h, exosomes enhanced the mRNA expression of M2 polar-
ization markers (CD206, interleukin [IL]-10, IL-4, and Arg1) and
reduced the mRNA expression of M1 polarization markers (CD86,
IL-12, tumor necrosis factor alpha [TNF-a], and interferon gamma
[INF-g]) (Figures 6C and 6D). In addition, the flow cytometry results
showed an enhancement in the percentage of CD206+ cells and a
decrease in the percentage of CD86+ cells after exosome treatment
(Figures 6E and 6F). The cytokines of a typical M2 phenotype (IL-
10 and IL-4) and M1 phenotype (IL-12, TNF-a, and IFN-g) were
investigated. THP-1 macrophages cocultured with exosomes showed
increased IL-10 and IL-4 and significantly decreased IL-12, TNF-a,
and IFN-g, suggesting polarization to the M2 phenotype (Figure 6G).
In terms of mechanism, we found that A549-derived exosomes in-
hibited miR-1294 and promoted PKM2, HK2 and GLUT1 protein
expression, glucose uptake, and lactate production in macrophages
(Figures 6H–6J), suggesting that circSHKBP1 also induced metabolic
reprogramming that further regulated macrophage differentiation.
The decrease in circSHKBP1 in exosomes partly reversed these effects
(Figures 6C–6J). In short, A549-derived exosomes promoted M2 po-
larization and inhibited M1 polarization of THP-1 macrophages by
packaging circSHKBP1 and enhancing glycolysis.
The levels of the respective inflammatory cytokines in cell culture supernatants of macrop

(H) miR-1294 levels in macrophages cocultured with exosomes for 48 h. (I) Protein levels

The glucose consumption and lactate excretion were detected in macrophages cocultu

wells of a Boyden chamber for assessment of chemotaxis toward exosomes released by

37�C before staining with crystal violet and quantification. Data represent mean ± SD of

EXO.
To explore the biological function of exosomal circSHKBP1 during
macrophage recruitment in NSCLC, cell migration assays were per-
formed to assess its impact on cell motility. THP-1 macrophages ex-
hibited greater chemotactic responses to exosome-containing media
than to phosbate-buffer saline (PBS)-only control medium. The
migration ability of THP-1 macrophages was significantly suppressed
when the bottom chamber contained exosomes from circSHKBP1-
knockdown A549 cells (Figure 6K). These data suggested that NSCLC
cells exhibited a greater capacity to recruit monocytes/macrophages
via exosome release into the local microenvironment.

Moreover, we next sought to validate our results with primary hu-
man macrophages derived from CD14+ monocytes isolated from the
peripheral blood of healthy donors. Similarly, the migration of hu-
man macrophages was also significantly enhanced when incubated
with EXO from A549 cells (Figure S6A). When compared with
the EXO group, the migration of human macrophages was obvi-
ously reduced when incubated with EXO-si-circSHKBP1, indicating
that exosomal circSHKBP1 promoted the migration of human mac-
rophages. Moreover, we also found that exosomal circSHKBP1
enhanced the percentage of CD206+ cells and reduced the percent-
age of CD86+ cells (Figure S6B). Besides, exosomal circSHKBP1
promoted the secretion of IL-10 and IL-4 and inhibited the secre-
tion of IL-12, TNF-a, and IFN-g (Figure S6C). These results indi-
cated that exosomal circSHKBP1 promoted the polarization of hu-
man macrophages to the M2 phenotype and the migration of
human macrophages, which was consistent with the results of
THP-1 macrophages. All of these results indicated that exosomal
circSHKBP1 released by NSCLC cells promoted M2 polarization
and macrophage recruitment.
Exosomal circSHKBP1 suppresses CD8+ T cell secretion of

cytokines

In addition to macrophages, we also explored the role of exosomal
circSHKBP1 in other immune cells, such as like CD8+ T cells.
CD8+ T cells were cocultured with exosomes isolated from A549 cells
with circSHKBP1 overexpression or knockdown. Then, CD3 anti-
bodies were used to activate the T cells. The results showed that
CD8+ T cells incubated with EXO-circSHKBP1 had a significantly
lower expression of TNF-a, IFN-g, granzyme-B, and perforin in
the supernatant than CD8+ T cells incubated with EXO-vector.
Compared with EXO-si-NC, treatment with EXO-si-circSHKBP1#1
promoted the secretion of TNF-a, IFN-g, granzyme-B, and perforin
in CD8+ T cells (Figure S7). These results indicated that exosomal
circSHKBP1 suppressed CD8+ T cell secretion of cytokines, which
may lead to immune escape of NSCLC.
hages cocultured with exosomes assessed using a ProcartaPlex combinable panel.

of PKM2, HK2, and GLUT1 in macrophages cocultured with exosomes for 48 h. (J)

red with exosomes for 48 h. (K) THP-1 macrophage cells were added to the upper

A549 cells added to the lower chamber. The cells were allowed tomigrate for 24 h at

triplicate experiments. **p < 0.01 compared with control; ##p < 0.01 compared with
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Exosomal circSHKBP1 promotes NSCLC cell growth,

metastasis, and M2 infiltration in vivo

To explore the effect of exosomal circSHKBP1 on NSCLC cell growth
and macrophage infiltration in vivo, a subcutaneous xenograft model
of A549 cells in BALB/c nudemice was constructed. As expected, exo-
somes from A549 cells led to the promotion of tumor growth
compared with the PBS control group. Exosomes from
circSHKBP1-knockdown A549 cells suppressed tumor growth
compared with the EXO group (Figure 7A). The number of Ki67+

cells was higher in the EXO group than in the control group.
circSHKBP1 knockdown decreased Ki67+ cells (Figure 7B). These re-
sults showed that A549-derived exosomes promoted NSCLC cell
growth in vivo partly through the packaged circSHKBP1. As exoso-
mal circSHKBP1 has a function in macrophage polarization and
recruitment, we also examined the levels of CD206+ and CD86+ mac-
rophages through immunofluorescent staining and flow cytometry.
More CD206+ cells and fewer CD86+ cells were found in the EXO
group. However, more CD86+ cells and fewer CD206+ cells were
found in the EXO-si-circSHKBP1 group than in the EXO group (Fig-
ures 7C and 7D). Moreover, EXO significantly enhanced the expres-
sion of circSHKBP1 and PKM2 in xenografts and decreased the
expression of miR-1294 in xenografts compared with the control
group (Figure S8). Compared with the EXO group, the EXO-si-
circSHKBP1 group exhibited decreased expression of circSHKBP1
and PKM2 in xenografts and increased expression of miR-1294 in xe-
nografts (Figure S8). These results suggested that exosomal
circSHKBP1 also regulated miR-1294 and PKM2 expression in vivo.

Moreover, intravenous injection of exosomes promoted pulmonary
metastasis in nude mice. The EXO-si-circSHKBP1 group showed
less pulmonary metastasis than the EXO group but still displayed
more pulmonary metastasis than the control group (Figures 7E and
7F). In conclusion, we found that exosomal circSHKBP1 promotes
the growth and metastasis of NSCLC cells and CD206+ TAM infiltra-
tion in vivo.
DISCUSSION
Emerging research has indicated that circRNAs affect the malignant
biological behaviors of NSCLC.24–26 Here, we verified that
circSHKBP1 functioned as an oncogene in NSCLC. circSHKBP1
was found to be improved in the tissues and serum exosomes of
NSCLC patients. Exosomal circSHKBP1 affected NSCLC prolifera-
tion, migration, invasion, stemness, glycolysis, and macrophage po-
larization and recruitment. Furthermore, overexpression of
circSHKBP1 was associated with advanced TNM stages, lymphatic
metastasis, and poor prognosis. As previously reported, circSHKBP1
is plentiful in serum exosomes, and exosomal circSHKBP1 regulates
the miR-582–3p/HUR/VEGF pathway, suppresses HSP90 degrada-
tion, and promotes gastric cancer progression.17 The knockdown of
circ-SHKBP1 inhibits AGGF1 expression via the miR-544a/FOXP1
or the miR-379/FOXP2 pathway to further inhibit the viability,
migration, and tube formation of U87 glioma-exposed endothelial
cells by AGGF1 or via the PI3K/AKT and ERK1/2 pathways.18
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Thus, these results suggest that circSHKBP1 may be a biomarker
for NSCLC diagnosis and prognosis.

Exosomes can be secreted by all cell types and play important roles in
the occurrence and development of tumors. A preponderance of ev-
idence continues to indicate that exosomal circRNAs play an impor-
tant role in the progression of NSCLC. For example, exosomal
circRNA_100395 derived from adipose-derived mesenchymal stem
cells was reported to inhibit NSCLC malignant transformation by
sponging miR-141-3p to regulate Hippo/YAP signaling.24 circSATB2
transferred by exosomes promotes the proliferation, migration, and
invasion of NSCLC cells.4 The serum exosome-based biomarker
circ_0008928 has been implicated in cisplatin sensitivity, tumor pro-
gression, and glycolysis metabolism in NSCLC.27 Exosome-trans-
mitted hsa_circ_0014235 promotes NSCLC malignant development
via the miR-520a-5p/CDK4 axis.28 However, it is still not clear
whether circSHKBP1 is involved in NSCLC progression. In the pre-
sent study, we indicated that circSHKBP1 was enriched in exosomes
and that exosomal circSHKBP1 affected NSCLC cell function and
macrophage phenotype. Knockdown of circSHKBP1 in exosomes in-
hibited proliferation, migration, invasion, stemness, glycolysis, and
macrophage polarization and recruitment in vitro and in vivo. There-
fore, circSHKBP1 might serve as an oncogene in NSCLC.

PKM2 is a rate-limiting enzyme that catalyzes the progression of
glycolysis and promotes tumor cells to thrive.29 PKM2 is reported
to promote cancer progression by acting as a transcriptional coactiva-
tor of HIF-1a and regulating the metabolic reprogramming of
NSCLC cells.23,30 PKM2 expression was upregulated in exosomes un-
der hypoxic conditions, and exosomal PKM2 protein could be
directly transferred to tumor cells and change malignant behavior.30

PKM2 may also affect the tumor microenvironment to accelerate
carcinogenesis through exosomes. Exosomal PKM2 remodels the tu-
mor microenvironment to facilitate hepatocellular carcinoma pro-
gression.22 In this study, we revealed that PKM2 was one of the down-
stream targets of exosomal circSHKBP1 and acted as an oncogene in
NSCLC.

TAMs have been reported to promote cancer progression. Lung can-
cer cells can induce macrophage infiltration by upregulating CCL2
and CXCL3 production in NSCLC cells.31 Macrophages undergo po-
larization into M1 (classic) or M2 (alternative) subtypes in response
to different stimuli.32 M1 macrophages promote inflammatory re-
sponses, while M2 macrophages inhibit inflammatory responses.
TAMs, which are M2 macrophages, promote the development of
several types of NSCLC tumors.33–35 In this study, we found that
the exosomal circSHKBP1/miR-1294/PKM2 axis promoted the po-
larization of THP-1 cells from the M1 to the M2 phenotype in vitro
and enhanced the inflammatory infiltration of macrophages in tumor
tissue in vivo.

In summary, we demonstrate that circSHKBP1 is upregulated in pa-
tients with NSCLC and is related to TNM stages, poor prognosis, and
lymphatic metastasis. Moreover, circSHKBP1 is enriched in



Figure 7. Exosomal circSHKBP1 promotes NSCLC cell growth and M2 infiltration in vivo

(A) Experimental scheme, tumor volume, and weights of the xenograft. (B) The proliferative status of tumors shown by Ki67 immunohistochemical staining. (C) Immuno-

fluorescent images of CD206 (red) or CD86 (red). (D) Macrophages were separated from murine tumor tissues using a Percoll-layered liquid. Surface expression of CD206

and CD86 was assessed in macrophages using flow cytometry. (E) A549 cells were injected into nude mice via the tail vein and then treated with exosomes through

intravenous injection. Autopsy of the lungs and H&E staining of the lungs in the nude mice are displayed. (F and G) Number of metastatic nodules in the lungs from the nude

mice via H&E staining (five sections evaluated per lung). *p < 0.05 and **p < 0.01 compared with control; ##p < 0.01 compared with EXO.
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exosomes derived from NSCLC cells, and exosomal circSHKBP1
plays an important role in the progression of NSCLC. circSHKBP1
controls PKM2 expression by spongingmiR-1294 to enhance the pro-
liferation, migration, invasion, stemness, and glycolysis of NSCLC
cells as well as macrophage polarization and recruitment both
in vitro and in vivo. This study has thus provided a new perspective
in research on circRNAs in NSCLC and may contribute to providing
potential targets for the diagnosis and treatment of NSCLC.
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In conclusion, exosomal circSHKBP1 derived from NSCLC cells pro-
motes NSCLC proliferation, migration, invasion, stemness, and
glycolysis and accelerates macrophage polarization and recruitment
by inhibiting miR-1294 and upregulating PKM2. circSHKBP1 can
serve as a tumor promoter in NSCLC and is closely related to poor
prognosis. Overall, circSHKBP1 may be a potential therapeutic
biomarker for NSCLC.

MATERIALS AND METHODS
Cell culture

The human normal lung epithelial cell line HBE (HBE) and human
lung cancer cell lines (A549, PC9, H1650, andH1299) were purchased
from Guangzhou Saiku Biotechnology (Guangzhou, China). All cells
were cultured in RPMI-1640 medium (HyClone, Logan, Australia)
containing 10% fetal bovine serum (Clark Bioscience, Houston, TX,
USA) at 37�C and 5% CO2 with a saturated humidity. Exosomes in
fetal bovine serum were removed by ultracentrifugation before the
experiment.

Lung cancer tissues

One hundred paired NSCLC and matched normal adjacent tissue
samples were obtained from Shenzhen People’s Hospital (Shenzhen,
China). Surgically resected tissues were frozen in liquid nitrogen.
Informed consent was obtained from each participant in the study.
Tumors were histologically graded according to the Elston and Ellis
method. The clinical characteristics of patients with NSCLC are
shown in Table S1. To correlate serum exosomal circSHKBP1 levels
with NSCLC progression, we also collected blood samples from 30
NSCLC patients and normal volunteers. Serum from lung cancer
and non-cancerous donors was centrifuged, the supernatant was
collected, and the exosomes were isolated using Total Exosome Isola-
tion Reagent (from serum) (Invitrogen, Carlsbad, CA, USA). The
exosomes in the cell culture medium supernatant were isolated using
Total Exosome Isolation Reagent (from cell culture media) (Invitro-
gen). Exosome precipitates were washed with PBS for purity and
then resuspended in PBS for further research. The concentration
and size distribution of exosomes were examined by nanoparticle
tracking analysis using a NanoSight NS300 (Malvern, UK). Hsp70
and CD63 proteins were used to further identify exosomes by western
blotting. The protocols of this study were approved by the Ethics
Committee of People’s Hospital of Longhua.

Total RNA extraction and qRT-PCR

Total RNA was extracted from cells and tissues using TRIzol reagent
(Invitrogen), and total RNA was isolated from exosomes using an
Exosomal RNA and Protein Extraction Kit (101Bio, Mountain
View, CA, USA). The quality and concentration of the purified total
RNAs were assessed using a NanoDrop1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). A High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems, Foster City,
CA, USA) was applied to measure circRNA and other linear gene ex-
pressions. For circRNA reverse transcription, the RNA sample was
treated with RNase R (Epicentre, Madison, WI, USA) for 10 min at
37�C. For linear gene reverse transcription, RNase R-free water was
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used. For miRNA reverse transcription, TaqMan MicroRNA
Reverse-Transcription kits (Applied Biosystems) were used to mea-
sure miRNA expression. qRT-PCR was carried out using TaqMan
Universal Master Mix II (Applied Biosystems) according to the man-
ufacturer’s procedure. b-actin and U6 were used as internal refer-
ences. The normalized method was performed using the 2�DDct

method. The primer sequences are listed in Table S2.

Western blotting and antibodies

Total proteinwas extracted from the frozen cells usingRIP assay (RIPA)
buffer. Thirty micrograms of protein was loaded and separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). After transfer to a polyvinylidene difluoride membrane
(PVDF), the proteinswere blockedwith 5%non-fatmilk and incubated
in primary antibodies at 4�C overnight. Subsequently, the membranes
were incubated with a horseradish-peroxidase-conjugated secondary
antibody for 2 h. The targeted proteins were detected and visualized
with an enhanced chemiluminescence system (ECL, Beyotime,
Shanghai, China) and X-ray film (GE Healthcare). b-actin was used
as a loading control. The antibodies used (all purchased from Abcam
[Cambridge, MA, USA]) are listed as follows: CD63 (ab134045),
Hsp70 (ab2787), TSG101 (ab125011), SOX4 (ab70598), Oct4
(ab200834), NANOG (ab109250), ABCG2 (ab207732), b-actin
(ab8227), PKM2 (ab137852), HiF-1a (ab179483), GLUT1
(ab115730), HK2 (ab209847), goat anti-rabbit immunoglobulin G
(IgG) H&L (HRP) (ab6721), and rabbit anti-mouse IgG H&L (HRP)
(ab6728).

RNase R treatment

Twomicrograms of total RNA was incubated for 30 min at 37�C with
or without 5 U/mg RNase R (Epicentre), subsequently purified by an
RNeasy MinElute Cleaning Kit (Qiagen, Germantown, MD, USA),
and then analyzed by qPCR.

Fluorescence in situ hybridization (FISH)

A specific circSHKBP1 FISH probe was designed and used in the
experiment. Cells attached to slides were immobilized with 4% para-
formaldehyde, washed with PBS, and then digested by Proteinase K
(Sangon, Shanghai, China) at 37�C for 5 min. After washing with
PBS, the cells were immobilizedwith 1%paraformaldehyde andmixed
with 70%, 95%, and 100% ethanol overnight at 4�C. A fluorescently
labeled probe for circRNA_09505 was applied during hybridization,
and DAPI (Beyotime, Shanghai, China) was used to stain the nucleus.

Flow cytometry

Cells were collected, washed, and incubated for 30 min at 4�C with
florescence-conjugated antibodies (CD133, CD206, and CD86, all ob-
tained from Abcam). Labeled cells were analyzed using a FACSCali-
bur flow cytometer (BD, San Jose, CA, USA) and FlowJo software
(Tree Star, Ashland, OR, USA).

Metabolic assays

Glycolysis was investigated by assessing glucose consumption and
lactate production. After transfection or treatment with exosomes
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for 48 h, the levels of glucose and lactate in culture mediumwere sepa-
rately measured by using a Glucose Assay Kit (Rsbio, Shanghai,
China) and Lactate Assay Kit (Rsbio).
Enzyme-linked immunosorbent assay (ELISA)

ELISA was used to evaluate the IL-10, IL-12, IL-4, TNF-a, and INF-g
(Enzo Life Sciences, New York, NY, USA) contents in culture me-
dium derived from macrophages. Following the manufacturer’s in-
structions, each sample was evaluated in duplicate, and protein levels
were normalized to the number of adherent cells.
Luciferase reporter assay

A549 cells were seeded in 96-well plates and then cotransfected with
circSHKBP1/PKM2 wild-type or mutant plasmids and miR-1294
mimics or miR-NC using Lipofectamine 2000. After 48 h of incuba-
tion, the luciferase activity was measured with a kit according to the
manufacturer’s instructions (Promega, Madison, WI, USA). Relative
luciferase activities were measured and expressed as the ratio of firefly
luciferase activity to Renilla luciferase activity.

To determine the reporter activity of HIF-1a, HIF-1 luciferase re-
porter plasmids (YEASEN, Shanghai, China) containing multiple
HIF-1 binding sites were cotransfected with PKM2-overexpression
plasmids or si-circSHKBP1. Forty-eight hours after transfection,
firefly and Renilla luciferase activities were measured by a dual-lucif-
erase reporter assay system.
RIPA

RIPAs were performed using a RIP RNA-Binding Protein Immuno-
precipitation Kit (Millipore, Billerica, MA, USA) following the proto-
col provided by the manufacturer. Cells were lysed by hypotonic RIP
buffer and mixed with magnetic beads conjugated with rabbit anti-
human IgG and an anti-ago2 antibody (Abcam, Cambridge, MA,
USA). The extracted RNAs were analyzed by qPCR to demonstrate
the enrichment of circSHKBP1.
Pull-down assay

After cross-linking, the cells were lysed. Biotinylated miR-1294 and
non-specified probes ordered from GenePharma (Shanghai, China)
were added to cell lysates to pull down their targets. M-280 Streptavi-
din Dynabeads (Invitrogen, Carlsbad, CA, USA) were added to all
samples and incubated overnight. The beads were then separated
by a magnetic support, and RNAs were analyzed by qRT-PCR to
demonstrate the enrichment of circSHKBP1 and PKM2.
Cell proliferation assay

Cell proliferation assays were performed with the CCK-8 (Beyotime,
Shanghai, China). Cells were seeded in 96-well plates at 1 � 104 cells
per well for 24 h and then cocultured with exosomes for 48 h. Tenmi-
croliters of CCK-8 solution was added to each well and incubated for
1 h at 37�C. The absorbance at 450 nm was then measured.
Colony formation assay

Cells were plated on a 6-well plate at a density of 1� 103 cells/well and
cultured for 14 days with exosome treatment. Cells were fixed with
methanol and then stained with crystal violet for 20 min. The number
of clones was counted.

Migration and invasion assays of NSCLC cells

Migration assays were performed using Transwell pore polycarbonate
membrane inserts (Corning, NY, USA), and invasion assays were per-
formed using Matrigel-coated invasion chambers (BD Biocoat, Corn-
ing, NY, USA). NSCLC cells, transfected or untransfected, were
seeded into the upper chamber, with or without exosome treatment,
and cultured in serum-free medium. The lower chamber contained
medium supplemented with 20% exosome-free fetal bovine serum.
After incubation for 24 h at 37�C, cells on the bottom surface of
the filter were fixed, stained with 0.5% crystal violet, and counted un-
der a microscope.

Monocyte isolation and macrophage differentiation

Buffy coats were collected from healthy donors, and peripheral blood
mononuclear cells were isolated by centrifugation in Ficoll (Promo-
Cell, Germany). Then, the CD14+ monocytes were enriched by
anti-CD14 magnetic beads (Miltenyi Biotec) following the manufac-
turer’s instructions. The percentage of CD14+ monocytes was higher
than 90%. For human macrophage differentiation, CD14+ monocytes
were cultured in RPMI-1640 containing 15% fetal bovine serum
(FBS), 100 unit/mL streptomycin/penicillin, and PMA (10 nM) for
7 days.

THP-1 cell differentiation and exosome treatment

THP-1 monocytic cells were induced to develop a macrophage-like
(M0) phenotype by 20 ng/mL PMA (Sigma-Aldrich) treatment for
48 h in 5% FBS–RPMI media and then cultured in 10% FBS–RPMI
control media for 24 h. Differentiated cells were digested and seeded
onto a 6-well plate. Exosomes (5 mg/mL) in 10% exosome-free FBS–
RPMI media were treated for 48 h.

Macrophage invasion assay

Differentiated THP-1 cells were seeded onto Transwell inserts coated
with Matrigel and cultured in a 24-well plate with 10 mg of exosome-
containing medium (10% exosome-free FBS-DMEM) in the lower
chamber. Cell invasion in response to exosomes was monitored for
24 h, and migrated cells on the bottom membrane were examined
by crystal violet staining.

CD8+ T cell isolation and incubation

Human CD8+ T cells were isolated and purified from healthy donor
peripheral blood mononuclear cells using an Easy-Sep Direct Human
CD8+ T Cell Isolation Kit (STEMCELL Technologies). Anti-CD3 an-
tibodies (BD Biosciences) were used for CD8+ T cell activation. Exo-
somes derived from the A549 cells were placed into 12-well plates,
and then preactivated CD8+ T cells were added for incubation for
24 h. The culture medium supernatant was collected for IFN-g,
TNF-a, granzyme-B, and perforin assessment by using IFN-g,
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TNF-a, granzyme-B, and perforin ELISA kits (eBioscience, San
Diego, CA, USA) in accordance with the manufacturer’s guidelines.

Animal models

All experiments were approved by the Ethics Committee of People’s
Hospital of Longhua. To establish the subcutaneous NSCLCmodel in
female nude mice, 5� 106 A549 cells were injected into the right pos-
terior flanks of the mice. Intratumor injection of exosomes (10 mg per
mouse) was started on day 7 after the tumor cell injection and
continued every other day. The mice were sacrificed 28 days after tu-
mor cell injection, and the tumor size and weight were calculated (tu-
mor volume = (L � W2)/2, where L = long axis and W = short axis).
Subcutaneous tumor tissues were harvested for hematoxylin and
eosin (H&E) and Ki67 staining. For tissue immunofluorescence,
CD206 and CD86 antibodies were used to detect macrophage recruit-
ment in vivo. Sections stained with primary antibody were subse-
quently incubated with the appropriate Alexa Fluor 488- or Alexa
Fluor 568-conjugated secondary antibody. Macrophages of nude
mouse subcutaneous tumors were separated and obtained using Per-
coll (Sigma-Aldrich, St. Louis, MO, USA) following the manufac-
turer’s instructions. Flow cytometry was performed after incubation
for 30 min at 4�C with fluorescence-conjugated antibodies.

For the lung metastasis model, 1 � 107 A549 cells were injected into
the tail vein. Intravenous injection of exosomes (10 mg per mouse)
was started on day 7 after tumor cell injection and continued every
5 days. The mice were sacrificed 49 days after tumor-cell injection,
and the tumor nodules on the surface of the lungs were counted.
The lungs were fixed in formalin and embedded in paraffin, and
lung sections of 5 mm thickness were then stained with H&E for his-
tologic analysis.

Statistical analysis

The results were displayed as the mean ± SD or SEM. Two-tailed Stu-
dent’s t test and one-way analysis of variance (ANOVA) followed by
Tukey’s test were used to compare the differences between two groups
and among multiple groups. Kaplan–Meier survival curves were
analyzed with the log rank test. p < 0.05 was considered statistically
significant.
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