
RESEARCH Open Access

Circular RNA circ-CPA4/ let-7 miRNA/PD-L1
axis regulates cell growth, stemness, drug
resistance and immune evasion in non-
small cell lung cancer (NSCLC)
Weijun Hong1†, Min Xue1†, Jun Jiang2, Yajuan Zhang1* and Xiwen Gao1*

Abstract

Background: Non-small cell lung cancer (NSCLC) cells derived intracellular and extracellular programmed cell death

ligand 1 (PD-L1) promoted cancer progression and drug resistance, and facilitated tumor immune evasion.

However, the detailed molecular mechanisms are still largely unknown. In the present study, we aimed to explore

the role of circular RNA circ-CPA4/let-7 miRNA/PD-L1 axis in the regulation of NSCLC progression, drug resistance

and tumor immune microenvironment.

Methods: Real-Time qPCR and Western Blot analysis were conducted to examine gene expressions at

transcriptional and translated levels, respectively. The regulatory mechanisms of circ-CPA4, let-7 miRNA and PD-L1

were validated by dual-luciferase reporter gene system and RNA pull-down assay. Cell growth and apoptosis were

determined by CCK-8 assay, colony formation assay and Annexin V-FITC/PI double staining assay. Cell mobility was

evaluated by transwell assay.

Results: Circ-CPA4 and PD-L1 were high-expressed, while let-7 miRNA was low-expressed in NSCLC cells and

cancer tissues compared to the human bronchial epithelial (HBE) cells and their paired clinical normal adjacent

tissues, respectively. Besides, knock-down of circ-CPA4 inhibited cell growth, mobility and epithelial-mesenchymal

transition (EMT), and promoted cell death in NSCLC cells by downregulating PD-L1 through serving as a RNA

sponge for let-7 miRNA. In addition, the NSCLC cells derived PD-L1-containing exosomes promoted cell stemness

and increased resistance of NSCLC cells to cisplatin. Notably, by co-culturing the NSCLC cells with CD8+ T cells

isolated from human peripheral blood mononuclear cells (hPBMCs) in a transwell co-culturing system, we found

that NSCLC cells inactivated CD8+ T cells in a secreted PD-L1-dependent manner. Further results suggested that

circ-CPA4 also positively regulated exosomal PD-L1, and the NSCLC cells with circ-CPA4 ablation re-activated CD8+

T cells in the co-culturing system.

Conclusion: Taken together, circ-CPA4 regulated cell growth, mobility, stemness and drug resistance in NSCLC cells

and inactivated CD8+ T cells in the tumor immune microenvironment through let-7 miRNA/PD-L1 axis.
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Background
Tumor immune microenvironment was crucial for the

development of non-small cell lung cancer (NSCLC) [1,

2], and NSCLC cells interacted with immune cells to

facilitate immune evasion [3]. Based on this, current

cancer immunotherapies were developed to treat NSCL

C in clinical practices [4, 5]. Among those drugs and

therapies, programmed death-1 (PD-1)/programmed

death ligand-1 (PD-L1) blockade was proved to be novel

cancer immunotherapies for cancers treatment, and the

associated drugs were developed to treat NSCLC in

clinic [6, 7]. These therapeutic drugs included PD-1

inhibitors Nivolumab (Opdivo) [8, 9] as well as Pembro-

lizumab (Keytruda) [10, 11], and PD-L1 inhibitors

Atezolizumab (Tecentriq) [12], Durvalumab (Imfinzi)

[13] and Avelumab (Bavencio) [14]. Previous data indi-

cated that cancer cells derived PD-L1 regulated the

activity of CD8+ T cell activity [15, 16], which was a

pivotal component of the cellular immune response in

tumor development [17, 18]. Mechanistically, cancer

cells derived PD-L1 induced dysfunctions of CD8+ T cell

contributed to immune evasion and disabled immune

surveillance [19]. Aside from regulating immune evasion

of cancer cells, PD-L1 also directly regulated cancer cell

functions and drug resistance [20, 21]. Previous data indi-

cated that upregulation of PD-L1 promoted cancer cell

growth and motility [22], and sustained stemness of breast

cancer cells to facilitate drug resistance [20, 21, 23].

MicroRNAs (miRNAs) had widely been reported to

regulate NSCLC progression [24]. For example, overex-

pression of miR-433 inhibited the development of NSCL

C by targeting Smad2 [24] and miR-421 played an onco-

genic role in NSCLC progression [25]. Among all the

miRNAs, let-7 miRNA served as a tumor suppressor in

multiple cancers [26–28], such as bladder cancer [27],

ovarian cancer [26] and NSCLC [28]. Specifically, upreg-

ulated let-7 inhibited migration and invasion of NSCLC

cells by synergistically targeting ITGB3 and MAP4K3

[28]. Notably, previous study proved that the 3’UTR

region of PD-L1 mRNA could be sponged by let-7

miRNA, and the expression levels of PD-L1 could be

inhibited by overexpressing let-7 miRNA [29]. In

addition, let-7 miRNA participated in the regulation of

cancer immunotherapy [30] and modulated the bio-

logical functions of T cells in colorectal cancer micro-

environment [31].

Aberrant expressions of circular RNAs (circRNAs)

were also related with the development of cancers, and

recent studies focused on investigating the role of

circRNAs in regulating NSCLC pathogenesis [32, 33].

For instance, the circRNA circP4HB promoted NSCLC

aggressiveness and metastasis [32] and circ-FOXM1

facilitated NSCLC cell proliferation [33]. Circular RNA

circ-CPA4 (hsa_circ_0082374) had recently been

identified as an oncogene in glioma [34], however, little

known about the role of this circRNA in regulating

progression of other types of cancer. Besides, circRNAs

were known as “sponges” for miRNAs, and circRNAs

regulated the levels of their downstream miRNAs in a

competing endogenous RNA (ceRNA) dependent

manner [35–37]. In particular, let-7 miRNA could be

sponged and inhibited by circ-CPA4 in the development

of glioma [34]. Therefore, it is reasonable to speculate

that circ-CPA4 might involve in the modulation of

NSCLC progression by sponging let-7 miRNA, however,

detailed mechanisms are still largely unknown.

Based on the existed information, this study validated

that circular RNA circ-CPA4 regulated NSCLC progres-

sion, drug resistance and the biological functions of

tumor associated immune cells through targeting let-7

miRNA/PD-L1 axis. Our work broadened our know-

ledge of NSCLC pathogenesis, and provided potential

therapeutic agents for this disease.

Materials and methods
Clinical specimens collection

The clinical cancer tissues and their paired adjacent

normal tissues were collected from NSCLC patients

(N = 50) in Minhang Hospital, Fudan University, from

2013 to 2016. The clinicopathological features of the

patients were listed in Table 1, Table 2 and Table 3. All

the clinical experiments in this study were approved by

the Ethics Committee of Minhang Hospital, Fudan

University (No. 2018FU00732974). Besides, the written

informed consent was obtained from all the participants

involved in this study.

Cell culture and vectors transfection

The human NSCLC cell lines (A549, H1299, SK-MES-1

and Calu-3) and human normal bronchial epithelial cell

line (HBE) were purchased from American Type Culture

Collection (ATCC, USA). All the cells were cultured in

Roswell Park Memorial Institute 1640 (RPMI-1640)

culture medium under the standard conditions with 5%

CO2 atmosphere with 37 °C. The vectors for overexpres-

sion and downregulation circ-CPA4 and PD-L1 were

designed and constructed by Sangon Biotech (Shanghai,

China). In addition, the let-7 miRNA mimic and inhibi-

tor were obtained from Ribobio (Guangzhou, China).

The detailed information of the above vectors were listed

in Table 4. The above vectors were delivered into the

NSCLC cells by using the Lipofectamine reagent

purchased from Invitrogen (CA, USA).

Real-time qPCR

The total RNA were extracted from cells and tissues by

using the Trizol kit obtained from Invitrogen (USA) ac-

cording to the manufacturer’s protocol. The Real-Time
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qPCR was conducted to examine the expression levels of

circ-CPA4 and let-7 miRNA, and mRNA levels for PD-

L1, OCT4, SOX2, Nanog, ALDH1, IFN-γ, IL-4 and IL-

10 according to the procedures provided by the previous

study [38]. For circ-CPA4 quantification, the circular

RNA were enriched and pretreated with RNase R

enzyme (3 U/μg) for 20 min at 37 °C to eliminate linear

CPA4. The primer sequences for the above genes were

listed in Table 5.

Western blot

The total proteins of the cells and clinical tissues were

extracted by using the RIPA lysis buffer solution

(Beyotime, China) according to the manufacturer’s

protocol. Based on the protocols provided by the previ-

ous study [38], Western Blot was used to determine the

expression levels of proteins involved in this study. The

primary antibodies against PD-L1 (1:1000, Abcam, UK),

β-actin (1:2000, Abcam, UK), Cyclin D1 (1:1500, Abcam,

UK), Bax (1:1000, Abcam, UK), Bcl-2 (1:2000, Abcam,

UK), N-cadherin (1:1500, Abcam, UK), Vimentin (1:

1000, Abcam, UK) and TSG101 (1:1500, Abcam, UK)

were purchased. The horseradish peroxidase-conjectured

goat anti-rabbit secondary antibody (1:5000, Abcam,

UK) was also obtained. Finally, the protein bands were

visualized by using a electrochemiluminescence (ECL)

system and the grey values were measured by Image J

software to evaluate relative protein levels, and normal-

ized to β-actin.

Dual-luciferase reporter gene system

The online starBase software (http://starbase.sysu.edu.cn/)

was used to predict the binding sites of let-7 miRNA with

wild type circ-CPA4 (Wt-circ-CPA4) and 3′ untranslated

regions of PD-L1 mRNA (Wt-PD-L1), respectively. The

targeting sites were mutated in circ-CPA4 (Mut-circ-

CPA4) and PD-L1 mRNA (Mut-PD-L1), and the above

sequences were cloned into a PmiR-RB-REPORT™

plasmid (RiboBio, Guangdong, China) to generate reporter

vectors. The above vectors were co-transfected with let-7

miRNA mimic and inhibitor into NSCLC cells, respect-

ively. A luciferase detection kit (Beyotime, Shanghai,

China) was used to detect the relative luciferase activity in

cells.

Pull-down assay

The biotin-labeled probes for circ-CPA4 and 3′ UTR re-

gion of PD-L1 were designed and synthesized by Sangon

Table 1 The clinicopathological features of NSCLC patients with

differential expressions of circular RNA circ-CPA4

Parameters Cases circular RNA circ-CPA4 P value

High Low

Age 0.721

≥ 55 35 20 15

< 55 15 5 10

Gender

Male 25 13 12 0.832

Female 25 12 13

TNM stage 0.023

I/II 18 9 9

III/IV 32 16 16

Pathological Type 0.593

Suqamous 21 10 11

Adenocarcinoma 12 7 5

Large Cell Lung
cancer

17 8 9

Smoking status 0.098

Non-smoker 14 7 7

Smoker 16 7 9

Heavy smoker 20 11 9

Lymphatic Metastasis 0.019

No 29 13 16

Yes 21 12 9

Table 2 The clinicopathological features of NSCLC patients with

differential expressions of let-7 miRNA

Parameters Cases Let-7 miRNA P value

High Low

Age 0.093

≥ 55 35 18 17

< 55 15 8 7

Gender 0.482

Male 25 13 12

Female 25 13 12

TNM stage 0.005

I/II 18 14 4

III/IV 32 12 20

Pathological Type 0.983

Suqamous 21 12 9

Adenocarcinoma 12 5 7

Large Cell Lung
cancer

17 9 8

Smoking status 0.447

Non-smoker 14 7 7

Smoker 16 6 10

Heavy smoker 20 13 7

Lymphatic Metastasis 0.042

No 29 14 15

Yes 21 12 9
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Biotech (Shanghai, China). The pull-down assay was

conducted to assess their binding abilities with let-7

miRNA. Briefly, the cells were fixed, lysed and centri-

fuged, the supernatants were used as input, and the

above probes were incubated with the supernatants

overnight at room temperature. After that, the lysis

buffer and Proteinase K were used to reverse the formal-

dehyde crosslinking. Real-Time qPCR was conducted to

examine let-7 miRNA levels.

Isolation and purification of exosomes

The exosomes in the supernatants were isolated and

purified according to the previous study [39]. Briefly,

culture supernatants were centrifuged at 2000 g for

20 min, and micro-vesicles were pelleted after

centrifugation at 16,500 g for 45min and re-suspended in

phosphate buffer saline (PBS). After that, the supernatants

were centrifuged at 100,000 g for 2 h at 4 °C and the

exosomes were suspended in PBS and collected by ultra-

centrifugation at 100,000 g for 2 h. Finally, the exosomes

were purified by using the commercial exosome isolation

kit (Invitrogen, USA) in keeping with the manufacturer’s

protocol.

Cell counting kit-8 (CCK-8) assay

The cells were collected and cell proliferation abilities

were measured by using the commercial CCK-8 kit

(YEASEN, Shanghai, China) based on the protocol

provided by the manufacturer. Briefly, the cells were

incubated with the CCK-8 reaction solution for 2 h at

37 °C. After that, the optical density (OD) values were

measured in the wavelength of 450 nm to quantify the

proliferation abilities of cells.

Trypan blue assay

Cell viability was determined by using the trypan blue

staining assay. Briefly, the cells were collected and

Table 3 The clinicopathological features of NSCLC patients with

differential expressions of PD-L1 mRNA

Parameters Cases PD-L1 mRNA P value

High Low

Age 0.062

≥ 55 35 16 19

< 55 15 5 10

Gender 0.523

Male 25 14 11

Female 25 7 18

TNM stage 0.031

I/II 18 12 6

III/IV 32 9 23

Pathological Type 0.511

Suqamous 21 8 13

Adenocarcinoma 12 7 5

Large Cell Lung
cancer

17 6 11

Smoking status 0.345

Non-smoker 14 6 8

Smoker 16 7 9

Heavy smoker 20 8 12

Lymphatic Metastasis 0.011

No 29 7 22

Yes 21 14 7

Table 4 Sequences of siRNAs, let-7 miRNA mimic and inhibitor

Gene Primer sequences (strand)

PD-L1 Forward: 5′-GGAUAAGAACAUUAUUCAAdTdT-3′

Reverse: 5′-UUGAAUAAUGUUCUUAUCCdTdT-3′

Si-circ-CPA4 5′-UUCUCCGAACGUGUCACGUTT-3′

Mimic 5′-UGAGGUAGUAGGUUGUAUGGUU-3’

Inhibitor 5′-AACCAUACAACCUACUACCUCA-3’

Table 5 Primer sequences for Real-Time qPCR

Gene Primer sequences (strand)

β-actin Forward: 5′-CTCCATCCTGGCCTCGCTGT-3′

Reverse: 5′-GCTGCTACCTTCACCGTTCC-3′

U6 Forward: 5′-GACTATCATATGCTTACCGT-3′

Reverse: 5′-GGGCAGGAAGAGGGCCTAT-3′

Circ-CPA4 Forward: 5′- ACAGCATCTGGTGTGTGCTT-3′

Reverse: 5′-CCCTTTCCTGCAAAACTAGC-3′

Let-7 Forward: 5′-AGCAAGCTTTGGCACCCACCCGTAGAAC-3′

Reverse: 5′-TAAGGATCCGATGCAGGGACAAGGACAGAA-3′

PD-L1 Forward: 5′-GCCGAAGTCATCTGGACAAG-3’

Reverse: 5′-TCTCAGTGTGCTGGTCACAT-3’

OCT4 Forward: 5′-AGCGATCAAGCAGCGACTA-3’

Reverse: 5′-GGAAAGGGACCGAGGAGTA-3’

SOX2 Forward: 5′-CATCACCCACAGCAAATGAC-3’

Reverse: 5′-CAAAGCTCCTACCGTACCACT-3’

Nanog Forward: 5′-GCAGGCAACTCACTTTATCC −3’

Reverse: 5′-CCCACAAATCACAGGCATAG-3’

ALDH1 Forward: 5′-AGCCTTCACAGGATCAACAGA-3’

Reverse: 5′-GTCGGCATCAGCTAACACAA-3’

IFN-γ Forward: 5′-CCGAAACAGGCTCCCAACCG-3’

Reverse: 5′-GGGAAGACGCTCTCACCT-3’

IL-4 Forward: 5′-AACGGCTCGACAGGAACCT-3’

Reverse: 5′-ACTCTGGTTGGCTTCCTTCCA-3’

IL-10 Forward: 5′-ACAGCCGGGAAGACAATAAC-3’

Reverse: 5′- CAGCTGGTCCTTTGTTTGAAA-3’
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stained with trypan blue solution (LEAGENE, Beijing,

China) according to the manufacturer’s instruction. The

cells were observed under the light microscope and the

dead blue cells were counted. Cell viability was calcu-

lated by using the following formula. Cell viability

(%) = (Total cells – dead cells)/Total cells × 100%.

Flow cytometry (FCM) assay for cell apoptosis

The Annexin V-FITC/Propidium iodide (PI) double

staining kit (YEASEN, Shanghai, China) was employed

to examine cell apoptosis in keeping with the protocol

provided by the manufacturer. Briefly, the cells were

harvested and stained with Annexin V-FITC and PI

respectively, the FCM (Partec, Germany) was employed

to measure cell apoptosis ratio. The FITC was detected

at 530 nm, and PI was detected at 575 nm, respectively.

Colony formation assay

The NSCLC cells (A549 and H1299) were seeded into

the 6-well plates at the density of 1000 cells per well.

Subsequently, the plates were placed in the incubator

with standard culture conditions for 14 days, and stained

with 0.1% crystal violet (Beyotime, Shanghai, China) for

1 h. Finally, the colonies containing at least 15 cells were

counted by a gel documentation system purchased from

BioRad (USA).

Transwell assay

The transwell assay was performed to evaluate cell inva-

sion and migration abilities according to the previous

study [40]. Briefly, the NSCLC cells were placed in the

upper chamber with serum-free RPMI 1640 and the

lower chamber was filled with culture medium with 15%

fetal bovine serum (FBS). The cells in the Matrigel

(Sigma-Aldrich, USA) were fixed by 4% paraformalde-

hyde and stained with 0.1% crystal violet (Beyotime,

Shanghai, China). The cells were observed and photo-

graphed under light microscope, and 10 fields were

selected to count the cells to reflect cell mobility.

Enzyme linked immunosorbent assay (ELISA)

The expression levels of inflammatory cytokines (IFN-γ,

IL-4 and IL-10) in the supernatants of the co-culturing

system were measured by using the commercial ELISA

kits purchased from RAPIDBIO (CA, USA) based on the

protocols provided by the manufacturer. Briefly, the

supernatants were collected and incubated with reaction

solution and subsequently with stop solution, the optical

density (OD) values were measured by using a micro-

plate reader (Molecular Devices, CA, USA) at 450 nm to

evaluate the expression levels of above cytokines.

Isolation and culture of CD8+ T cells from peripheral

blood

The blood was collected from normal volunteers, and

human peripheral blood mononuclear cells (hPBMCs)

were isolated and purified by using the Ficoll kit

(Sigma-Aldrich, USA) according to the manufacture’s

instruction. After that, the CD8+ T cells were isolated

from the hPBMCs by using a flow cytometer (Partec,

Germany) based on the protocol provided by the

previous study [41].

Establishment of xenograft mice models

The nude mice (age 6–8 weeks) were purchased from

the Experimental Animal Center of Fudan University

and all the animal experiments were approved by the

Animal Management Center of Minhang Hospital,

Fudan University. The NSCLC cells (A549 and H1299)

were transfected with vectors, and subcutaneously

injected into the back flanks of the mice for 14 days.

After that, the mice were sacrificed, the tumor weight

was measured and the tissues were collected for Western

Blot analysis. All the animal experiments were in accord-

ance with the ethical manual for laboratory animals.

Data collection and analysis

The data of the experiment results were collected and

represented as Means ± Standard Deviation (SD), and

the data were analyzed by using the SPSS 18.0 software.

The Student’s t-test was used to compared the differ-

ences between two groups, and the one-way ANOVA

analysis was conducted to compare multiple groups. In

addition, Pearson correlation analysis was conducted to

determine the correlations among circ-CPA4, let-7

miRNA and PD-L1 mRNA in NSCLC clinical samples,

and Kaplan-Meier survival analysis was conducted to

investigate the association of the above 3 genes with

patients prognosis. In addition, the Pan-cancer analysis

(http://starbase.sysu.edu.cn/panCancer.php) was con-

ducted to analyze the correlations of circ-CPA4, let-7

miRNA and PD-L1 (CD274) with lung squamous cell

carcinoma (LUSC) progression. Each experiment in this

study repeated at least 3 times. *P < 0.05, **P < 0.01 and

“NS” means “no statistical significance”.

Results
The expression levels of circ-CPA4, let-7 miRNA and PD-

L1 in NSCLC tissues and cell lines

The NSCLC tissues (N = 50) and their paired adjacent

normal tissues (N = 50) were collected, the expression

levels of circ-CPA4 (Fig. 1a), let-7 miRNA (Fig. 1b) and

PD-L1 mRNA (Fig. 1c) were determined, respectively.

The results indicated that circ-CPA4 and PD-L1 mRNA

were high-expressed, while let-7 miRNA was low-

expressed in the NSCLC tissues compared to the their

Hong et al. Journal of Experimental & Clinical Cancer Research          (2020) 39:149 Page 5 of 19
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Fig. 1 (See legend on next page.)
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paired normal adjacent tissues (Fig. 1a-c). Further

Western Blot results validated that PD-L1 protein was

high-expressed in NSCLC tissues compared to the

normal tissues (Fig. 1d, e). The above results were partly

supported by the analysis by the data from The Cancer

Genome Atlas (TCGA) database in lung squamous cell

carcinoma (LUSC) (Fig. S4A-C). Besides, the levels of

let-7 miRNA were negatively correlated with circ-CPA4

(Fig. 1f) and PD-L1 mRNA (Fig. 1g), and the levels of

circ-CPA4 were positively correlated with PD-L1 mRNA

(Fig. 1h) in NSCLC tissues. In addition, NSCLC patients

with high-expressed circ-CPA4 and PD-L1, low-

expressed let-7 miRNA tended to have a unfavorable

prognosis (Fig. 1i-k). Specifically, the medium survival

time was listed as follows: low-circ-CPA4 (34.5)/high-

circ-CPA4 (18), low-let-7 miRNA (23)/high-let-7

miRNA (34) and low-PD-L1 (25)/high-PD-L1 (18). Also,

the hazard ratio was listed as follows: Circ-CPA4 (A/B =

0.1184, B/A = 8.447), let-7 miRNA (A/B = 2.414, B/A =

0.4142) and PD-L1 (A/B = 0.3092, B/A = 3.234).

However, the analysis from TCGA database indicated

that circ-CPA4, let-7 miRNA and PD-L1 (CD274) were

not correlated with patients prognosis in LUSC (Fig.

S4D-F). Furthermore, the correlations of the expression

levels of circ-CPA4, let-7 miRNA and PD-L1 mRNA,

with the common clinicopathological characteristics

were analyzed (Table 1-3). The results showed that circ-

CPA4 and PD-L1 mRNA were high-expressed, while let-

7 miRNA was low-expressed in NSCLC patients with

high-grade TNM stage (III/IV) and lymphatic metastasis

(Table 1-3). However, the above genes were not relevant

to other clinical parameters, including patients age,

gender, pathological type and smoking status (Table 1-

3). Next, the in vitro experiments were conducted to

determine the levels of circ-CPA4, let-7 miRNA and

PD-L1 in NSCLC cell lines (A549, H1299, SK-MES-1

and Calu-3) and the normal HBE cells (Fig. 1l-p). The

results showed that expression levels of circ-CPA4 (Fig.

1l) and PD-L1 (Fig. 1n, Fig. 1o, p) were higher, and let-7

miRNA (Fig. 1m) was lower in NSCLC cell lines

compared to the HBE cells, which were in accordance

with our clinical results.

Circular RNA circ-CPA4 served as a ceRNA and inhibited

let-7 miRNA expressions in NSCLC cells

Previous study proved that let-7 miRNA was the down-

stream target of circ-CPA4 in glioma cells [34], hence

we next explored whether circ-CPA4 could regulate let-

7 miRNA levels in NSCLC cells. The online starBase

software (http://starbase.sysu.edu.cn/) predicted the

binding sites of circ-CPA4 and let-7 miRNA (Fig. 2a).

The above targeting sites in circ-CPA4 were mutated

and named as mutant circ-CPA4 (Mut-CPA4), and the

corresponding wild-type circ-CPA4 was named as Wt-

CPA4 (Fig. 2a). The dual-luciferase reporter gene system

results showed that let-7 miRNA mimic significantly

decreased the luciferase activity in both A549, H1299,

SK-MES-1 and Calu-3 cells co-transfecting with Wt-

CPA4 instead of Mut-CPA4, which were increased by

co-transfecting cells with let-7 miRNA inhibitor (Fig. 2b-

e). Consistently, the circ-CPA4 probe pull-down assay

validated that let-7 miRNA could be sponged by circ-

CPA4 in A549 (Fig. 2f), H1299 (Fig. 2g), SK-MES-1 (Fig.

2h) and Calu-3 (Fig. 2i) cells. In addition, the overex-

pression and downregulation vectors for circ-CPA4 were

successfully delivered into the NSCLC cells (Fig. S2).

The above results indicated that circ-CPA4 functioned

as RNA sponges to inhibit let-7 miRNA in NSCLC cells,

which were in line with the previous study [34].

PD-L1 was targeted and inhibited by overexpressing let-7

miRNA in NSCLC cells

The immunocheckpoint protein PD-L1 could be

sponged and inhibited by let-7 miRNA in multiple

cancers, which further enhanced the efficacy of cancer

immunotherapy [29]. The online StarBase software

(http://starbase.sysu.edu.cn/) predicted the binding sites

of let-7 miRNA and the 3′ untranslated region (3′ UTR)

of PD-L1 mRNA (Fig. 3a), and the dual-luciferase

reporter gene system validated these binding sites (Fig.

3b-e). Specifically, let-7 miRNA mimic inhibited the

luciferase activity in A549 (Fig. 3b), H1299 (Fig. 3c), SK-

MES-1 (Fig. 3d) and Calu-3 (Fig. 3e) cells co-transfected

with wild-type PD-L1 (Wt-PD-L1) vectors instead of

mutant PD-L1 (Mut-PD-L1) vectors, which were

(See figure on previous page.)

Fig. 1 The expression status and correlation of circ-CPA4, let-7 miRNA and PD-L1 in NSCLC tissues and cell lines. The NSCLC tissues (N = 50) and

their paired adjacent normal tissues (N = 50) were collected, and Real-Time qPCR was conducted to determine the expression levels of a circ-

CPA4, b let-7 miRNA and c PD-L1 mRNA in NSCLC tissues and their paired adjacent normal tissues. d, e The clinical samples collected from four

patients, and the expression levels of PD-L1 protein were measured by using Western Blot. (“T” represented “tumor tissues”, “N” represented

“normal tissues”). Pearson correlation analysis was conducted to analyze the correlations of f circ-CPA4 and let-7 miRNA, g let-7 miRNA and PD-L1

mRNA and h circ-CPA4 and PD-L1 mRNA in NSCLC tissues. Kaplan-Meier survival analysis was performed to analyze the correlations of i circ-

CPA4, j let-7 miRNA and (K) PD-L1 with NSCLC patients prognosis. Real-Time qPCR was used to measure the expressions of l circ-CPA4, m let-7

miRNA and n PD-L1 mRNA in the human NSCLC cell lines (A549, H1299, SK-MES-1 and Calu-3) and human normal bronchial epithelial cell line

(HBE). o, p Western Blot was conducted to examine PD-L1 protein expressions in HBE, A549 and H1299 cells. Each experiment repeated at least 3

times. *P < 0.05, **P < 0.01, NS means no statistical significance
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increased by co-transfecting cells with let-7 miRNA in-

hibitor (Fig. 3b-e). Similarly, the PD-L1 probe pull-down

assay results verified that let-7 miRNA could be enriched

by the probes of 3′ UTR region of PD-L1 mRNA in

NSCLC cells (Fig. 3f-i). In addition, the let-7 mimic and

inhibitor were successfully delivered into the NSCLC

cells (Fig. 3j), and the results showed that overexpressed

let-7 miRNA significantly inhibited mRNA levels of PD-

L1 in NSCLC cells, which were increased by transfecting

cells with let-7 miRNA inhibitor (Fig. 3k). Consistently,

let-7 miRNA overexpression also decreased the protein

levels of PD-L1 in A549 and H1299 cells, which were in-

creased by knocking down let-7 miRNA (Fig. 3l, m).

Circ-CPA4 downregulated let-7 miRNA to upregulate

intracellular and extracellular PD-L1 in NSCLC cells

The above results enlightened us to speculate that circ-

CPA4 might regulate PD-L1 levels in NSCLC cells by

targeting let-7 miRNA. To validate the above hypothesis,

the overexpression and downregulation vectors for circ-

CPA4 were successfully delivered into NSCLC cell lines

(Fig. S2). The Real-Time qPCR results showed that PD-

L1 mRNA levels were increased by overexpressing circ-

CPA4 and decreased by knocking down circ-CPA4 in

NSCLC cells (A549, H1299, SK-MES-1 and Calu-3) (Fig.

4a-d), which were validated by the Western Blot assay at

translational level in A549 and H1299 cells (Fig. 4e, f).

Further results showed that the promoting effects of

overexpressed circ-CPA4 on PD-L1 protein levels were

abrogated by upregulating let-7 miRNA (Fig. 4g, h). In

addition, the NSCLC cells derived exosomes were

isolated from the supernatants, and analyzed by the

Western Blot for TSG101 (Fig. S3) and PD-L1 expres-

sions (Fig. 4i). The results showed that the exosome

marker TSG101 was high-expressed in the isolated

exosomes (Fig. S3), indicating that the exosomes were

successfully purified by us. Also, we observed that PD-

L1 protein existed in the exosomes (Fig. 4j, k). Of note,

knock-down of circ-CPA4 decreased the expression

levels of exosomal PD-L1 in the supernatants, which

were restored by downregulating let-7 miRNA (Fig. 4j,

k), suggesting that circ-CPA4 regulated intracellular and

extracellular exosomal PD-L1 in NSCLC cells by

sponging let-7 miRNA.

NSCLC cell derived exosomes self-regulated drug

resistance and stemness in NSCLC cells through PD-L1

According to the previous study, cancer cells derived

exosomes regulated drug resistance and stemness of

cancer cells in breast cancer [42]. Thus, the effects of

Fig. 2 Circ-CPA4 inhibited let-7 miRNA expressions in NSCLC cells by acting as a RNA sponge. a The binding sites of circ-CPA4 and let-7 miRNA

were predicted by using the online starBase software (http://starbase.sysu.edu.cn/). Dual-luciferase reporter gene system assay was performed to

validate the binding sites of circ-CPA4 and let-7 miRNA in b A549, c H1299, d SK-MES-1 and e Calu-3 cells, respectively. Let-7 miRNA enriched in

the pull-down production with the circ-CPA4 probe in f A549, g H1299, h SK-MES-1 and i Calu-3 cells, respectively. Each experiment repeated at

least 3 times. *P < 0.05, **P < 0.01, NS means no statistical significance
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NSCLC cell derived exosomes on NSCLC cell stemness

and chemoresistance were investigated. By co-culturing

the NSCLC cell derived exosomes with cisplatin-

sensitive NSCLC cells, the PD-L1 levels in A549 and

H1299 cells were significantly upregulated (Fig. 5a, b),

suggesting that exosomal PD-L1 approached the

cytoplasm of the above NSCLC cells (Fig. 5c). Besides,

the mRNA levels of the stemness associated signatures

(OCT4, SOX2, Nanog and ALDH1) in NSCLC cells

were all increased by exosomes treatment, compared to

the control group, but anti-PD-L1 antibody abrogated

the effects of NSCLC cell derived exosomes on cell

Fig. 3 PD-L1 could be negatively regulated by let-7 miRNA in NSCLC cells. a The targeting sites of let-7 miRNA and PD-L1 mRNA were predicted

by the online StarBase software (http://starbase.sysu.edu.cn/). Let-7 miRNA could bind to 3’UTR regions of PD-L1 mRNA in b A549, c H1299, d SK-

MES-1 and e Calu-3 cells, respectively. Enrichment of let-7 miRNA by PD-L1 probes in f A549, g H1299, h SK-MES-1 and i Calu-3 cells, respectively.

j The let-7 miRNA mimic and inhibitor were successfully transfected into NSCLC cells to overexpress and knock-down let-7 miRNA. k PD-L1 mRNA

was negatively regulated by let-7 miRNA in NSCLC cells. l, m Let-7 miRNA inhibited PD-L1 protein expressions. Each experiment repeated at least

3 times. *P < 0.05, **P < 0.01, NS means no statistical significance
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stemness markers (Fig. 5d, e). In addition, the NSCLC

cells were treated with high-dose cisplatin (20 μg/ml),

and the NSCLC cells pretreated with NSCLC cell

derived exosomes were more resistant to cisplatin treat-

ment, which could be abrogated by co-treating cells with

anti-PD-L1 antibody (Fig. 5f-j). Specifically, high-dose

cisplatin (20 μg/ml) inhibited cell viability (Fig. 5f, g) and

promoted cell death (Fig. 5h-j) in A549 and H1299 cells,

which were alleviated by pre-treating cells with NSCLC

cell derived exosomes. Of note, anti-PD-L1 antibody

Fig. 4 Circ-CPA4 affected intracellular and extracellular PD-L1 in NSCLC cells by targeting let-7 miRNA. Circ-CPA4 positively regulated PD-L1

mRNA levels in a A549, b H1299, c SK-MES-1 and d Calu-3 cells, respectively. e, f Circ-CPA4 positively regulated PD-L1 protein levels in A549 and

H1299 cells. g, h Overexpression of circ-CPA4 upregulated PD-L1 protein levels in A549 and H1299 cells by downregulating let-7 miRNA. i

Isolation of exosomes containing PD-L1 from the supernatants collected from A549 and H1299 culture system, the exosomes were observed and

photographed by electron microscope. j, k Knock-down of circ-CPA4 inhibited exosomal PD-L1 expressions by upregulating let-7 miRNA. Each

experiment repeated at least 3 times. *P < 0.05, **P < 0.01, NS means no statistical significance

Hong et al. Journal of Experimental & Clinical Cancer Research          (2020) 39:149 Page 10 of 19



Fig. 5 NSCLC cell derived exosomes induced stemness and increased drug resistance in NSCLC cells by secreting PD-L1. The NSCLC cell derived

exosomes were purified and incubated with cisplatin-sensitive A549 and H1299 cells. a, b Western Blot was used to detect the expressions of PD-

L1 in NSCLC cells. c The schematic diagram of exosomal PD-L1 delivery from exosomes to NSCLC cells. d, e The stemness associated signatures

(OCT4, SOX2, Nanog and ALDH1) were examined in NSCLC cells by using Real-Time qPCR. f, g) Exosomal PD-L1 reversed the inhibiting effects of

cisplatin on NSCLC cell viability, which were determined by trypan blue staining assay. The blue dead cells were counted, and cell viability

(%) = (total cells – dead cells)/total cells × 100%. h-j NSCLC cells derived exosomes alleviated cisplatin-induced cell death in NSCLC cells, which

were determined by using the FCM assay in a Annexin V-FITC/PI double stain method. Each experiment repeated at least 3 times. *P < 0.05, **P <

0.01, NS means no statistical significance

Hong et al. Journal of Experimental & Clinical Cancer Research          (2020) 39:149 Page 11 of 19



abrogated the protective effects of NSCLC cell derived

exosomes on cisplatin-induced cell death in A549 and

H1299 cells (Fig. 5f-j).

Knock-down of circ-CPA4 inhibited NSCLC cell growth by

regulating let-7 miRNA/PD-L1 axis

Further experiments were conducted to investigate the

effects of circ-CPA4/let-7 miRNA/PD-L1 axis on NSCL

C cell proliferation and death. Knock-down of circ-

CPA4 inhibited cell proliferation (Fig. 6a, b) and colony

formation abilities (Fig. 6c, d) in A549 and H1299 cells,

which were reversed by both knocking down let-7

miRNA or upregulating PD-L1 (Fig. 6a-d). Similarly,

downregulation of circ-CPA4 inhibited cell viability (Fig.

6e, f) and promoted cell death (Fig. 6g-i) in NSCLC cells

by upregulating let-7 miRNA and downregulating PD-

L1. The above cellular results were also validated in vivo,

and the results showed that knock-down of circ-CPA4

inhibited Cyclin D1 and Bcl-2 expressions, while

increased the expression levels of Bax in mice tumor

tissues, which were reversed by downregulating let-7

miRNA or upregulating PD-L1 (Fig. S1A-C). In addition,

silencing of circ-CPA4 hampered tumorigenesis of

NSCLC cells in xenograft tumor-bearing mice models by

regulating let-7 miRNA/PD-L1 axis in a similar manner

(Fig. S1D). The above results suggested that deficiency

of circ-CPA4 inhibited NSCLC cell growth and pro-

moted cell death in vitro and in vivo by targeting let-7

miRNA/PD-L1 axis.

The effects of circ-CPA4/let-7 miRNA/PD-L1 axis on NSCLC

cell invasion and epithelial-mesenchymal transition (EMT)

We next explored whether circ-CPA4 participated in the

regulation of NSCLC cell mobility and epithelial-

mesenchymal transition (EMT) by regulating let-7

miRNA/PD-L1 axis (Fig. 7a-f). As expected, the

transwell assay results showed that knock-down of circ-

CPA4 inhibited the invasion ability of NSCLC cells

(A549 and H1299), which were reversed by knocking

down let-7 miRNA and upregulating PD-L1 (Fig. 7a, b).

Furthermore, the expression levels of epithelial-

mesenchymal transition (EMT) associated proteins (N-

cadherin and Vimentin) were determined (Fig. 7c-f), and

the results showed that knock-down of circ-CPA4 inhib-

ited the expressions of N-cadherin and Vimentin, which

were also increased by knocking down let-7 miRNA and

upregulating PD-L1 in A549 and H1299 cells (Fig. 7c-f),

indicating that circ-CPA4 regulated NSCLC cell mobility

and EMT by targeting let-7 miRNA/PD-L1 axis.

NSCLC cells secreted PD-L1-containing exosomes to

inactivate CD8+ T cells in the co-culturing system

Tumor cell derived extracellular PD-L1 promoted

immune invasion in tumor immune microenvironment

by binding to its receptor PD-1 [39] and triggering intra-

cellular cell death pathway [43], and this study investi-

gate this issue by co-culturing the NSCLC cells with

CD8+ T cells isolated from human peripheral blood

mononuclear cells (hPBMCs) in a transwell co-culturing

system to avoid direct cell-to-cell contact (Fig. 8a),

which excluded the possibility that CD8+ T cells inter-

acted with the tumor antigens presented in NSCLC cell

membranes, but merely interacted with the secreting

tumor antigens. Interestingly, CD8+ T cell viability was

decreased in the co-culturing system, and silencing of

PD-L1 in NSCLC cells or PD-L1/PD-1 blockade by their

corresponding antibodies significantly promoted cell

proliferation (Fig. 8b), viability (Fig. 8c) and inhibited cell

death (Fig. 8d-f) in CD8+ T cells, suggesting that NSCLC

cells secreted PD-L1 induced CD8+ T cell death in the

co-culturing system. Furthermore, PD-L1 ablation also

increased the expression levels of IFN-γ and IL-4, while

inhibited IL-10 expressions in CD8+ T cells (Fig. 8g, h)

and the supernatants (Fig. 8i, j), indicating that NSCLC

cell inactivated CD8+ T cells in the co-culturing system

through secreting PD-L1.

The NSCLC cells with downregulated circ-CPA4 activated

CD8+ T cells in the co-culturing system

Further experiments were conducted to co-culture the

NSCLC cells deficient or overexpression of circ-CPA4

with CD8+ T cells in the co-culturing system. The

results showed that NSCLC cells with downregulated

circ-CPA4 significantly increased the proliferation ability

(Fig. 9a) and viability (Fig. 9b), and inhibited cell apop-

tosis (Fig. 9c-e) of CD8+ T cells in the co-culturing

system, while overexpression of circ-CPA4 had opposite

effects on the above cell functions (Fig. 9a-e). Consist-

ently, NSCLC cells with circ-CPA4 overexpression

promoted Bax expressions in CD8+ T cells, and NSCLC

cells with downregulated circ-CPA4 had opposite effects

on Bax expressions (Fig. 9f, g). In addition, silencing of

circ-CPA4 in NSCLC cells activated CD8+ T cells in the

co-culturing system (Fig. 9h-k). Specifically, NSCLC cells

with circ-CPA4 downregulation increased the levels of

IFN-γ and IL-4, and inhibited IL-10 expressions in CD8+

T cells (Fig. 9h, i) and the supernatants (Fig. 9j, k) of the

co-culture system. Conversely, overexpression of circ-

CPA4 in NSCLC cells inactivated CD8+ T cells in the

co-culturing system (Fig. 9h-k). The above results

suggested that knock-down of circ-CPA4 in NSCLC

cells promoted CD8+ T cell expansion and activation in

the co-culturing system.

Discussion
Previous data suggested that circ-CPA4 [34] and PD-L1

[22] served as oncogenes, while let-7 miRNA acted as

tumor suppressor [28] in cancer development, and there
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existed potential regulating mechanisms among circ-

CPA4, let-7 miRNA and PD-L1 in cancer cells [29, 34],

which were validated in this study in NSCLC cells. Spe-

cifically, by analyzing the clinical samples and cell lines,

circ-CPA4 and PD-L1 were high-expressed, while let-7

miRNA was low-expressed in malignant tissues and cells

compared to their paired normal counterparts. Also,

NSCLC patients with lower levels of circ-CPA4 and PD-

L1, and higher levels of let-7 miRNA tended to have a

better prognosis. The above results were partly

evidenced by the Pan-Cancer analysis based on the

TCGA database, which showed that circ-CPA4 was

high-expressed, while let-7 miRNA was low-expressed in

cancer tissues, compared to their adjacent normal

tissues, in lung squamous cell carcinoma (LUSC).

However, the expression levels of PD-L1 (CD274) were

not changed in LUSC tissues. In addition, the correla-

tions of circ-CPA4/let-7 miRNA/PD-L1 pathway with

patients prognosis were not significant. The reason for

the above phenomena could be attributed to the poor

sample size and limited cancer types, resulting in

possible systemic and random errors or bias. Thus, our

further work will enlarge the sample size and include

multiple cancer types to solve this problem. Next, based

on the previous studies [29, 34], we also uncovered the

regulating mechanisms of circ-CPA4, let-7 miRNA and

(See figure on previous page.)

Fig. 6 Circ-CPA4 regulated NSCLC cell proliferation and death by targeting let-7 miRNA/PD-L1 axis in vitro and in vivo. Knock-down of circ-CPA4

inhibited cell proliferation in a A549 and b H1299 cells by upregulating let-7 miRNA and downregulating PD-L1. c, d The colony formation

abilities were inhibited by knocking down circ-CPA4 through let-7 miRNA/PD-L1 axis. e, f Trypan blue staining assay was performed to evaluate

cell viability in NSCLC cells. g-i The apoptosis ratio of NSCLC cells were determined by using the FCM assay. Each experiment repeated at least 3

times. *P < 0.05, **P < 0.01, NS means no statistical significance

Fig. 7 Circ-CPA4/let-7 miRNA/PD-L1 axis regulated NSCLC cell invasion, migration and epithelial-mesenchymal transition (EMT) in vitro. a, b

Knock-down of circ-CPA4 inhibited NSCLC cell invasion by targeting let-7 miRNA and PD-L1. c-f Circ-CPA4 silencing inhibited the expression

levels of EMT associated proteins (N-cadherin and Vimentin), which were abrogated by downregulating let-7 miRNA and upregulating PD-L1. The

protein levels were determined by using Western Blot analysis. Each experiment repeated at least 3 times. *P < 0.05, **P < 0.01, NS means no

statistical significance
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PD-L1 in NSCLC cells, and found that circ-CPA4

overexpression promoted PD-L1 expressions by acting

as RNA sponges for let-7 miRNA. Furthermore, the

gain-and-loss of function experiments validated that

knock-down of circ-CPA4 inhibited NSCLC cell growth,

mobility, EMT and tumorigenesis, and promoted cell

death by regulating let-7 miRNA/PD-L1 axis in vitro

and in vivo. The above results were in accordance with

Fig. 8 NSCLC cells derived PD-L1 inactivated CD8+ T cells in the transwell co-culturing system. a The schematic diagram of the transwell co-

culturing system. b The cell proliferation abilities of CD8+ T cells were inhibited by NSCLC cells derived PD-L1 in the co-culturing system. c Trypan

blue staining assay suggested that NSCLC cells derived PD-L1 inhibited CD8+ T cell viability. d-f FCM was employed to determine the apoptosis

ratio of CD8+ T cells in the co-culturing system. g, h Real-Time qPCR was conducted to determine the mRNA levels of IFN-γ, IL-4 and IL-10 in

CD8+ T cells. i, j The expression levels of IFN-γ, IL-4 and IL-10 in the supernatants of the co-culturing system were determined by using ELISA

assay. Each experiment repeated at least 3 times. *P < 0.05, **P < 0.01, NS means no statistical significance
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the previous data [22, 28], and indicated that knock-

down of circ-CPA4 inhibited NSCLC progression by

inhibiting PD-L1 through releasing let-7 miRNA.

Currently, resistance of NSCLC cells to chemothera-

peutic drugs seriously limited their therapeutic efficacy

in clinic [44, 45], and discovery of novel therapeutic

agents to improve the sensitivity of chemoresistant

NSCLC cells became urgent. Previous data indicated

that cancer cells derived PD-L1-containing exosomes

contributed a lot to drug resistance by inducing cancer

stem cells (CSCs) to sustain the heterogeneous lineages

of cancer cells in response to chemotherapy [42]. Mech-

anistically, the CSCs differentiated into heterogeneous

cells, and the chemoresistant cancer cells survived and

expanded under the long-term chemotherapeutic drugs

stimulation [42]. As a result, the survival cancer cells

were resistant to the drugs [46, 47]. Interestingly, the

above results were also validated in NSCLC cells, and we

found that NSCLC cells derived exosomes increased

resistance of NSCLC cells to cisplatin treatment and up-

regulated stemness associated signatures (OCT4, SOX2,

Nanog and ALDH1), which were all abrogated by treat-

ing cells with anti-PD-L1 antibody, indicating that NSCL

C cells derived PD-L1 exosomes self-regulated cell stem-

ness to increase resistance of NSCLC cells to cisplatin,

and blockade of PD-L1 sensitized chemoresistant NSCL

C cells to cisplatin, which were in accordance with the

previous data [42].

Disabled immune surveillance was found in NSCLC

[1, 2], which contributed to immune evasion of NSCLC

cells [3]. Most studies confirmed that T cells, especially

CD8+ T cells, were crucial for tumor elimination by

recognizing tumor specific antigens [48, 49]. However,

recent data suggested that cancer cells derived PD-L1

inactivated infiltrating CD8+ T cells in the tumor micro-

environment by activating PD-1 mediated extracellular

pathway [19] and NLRP3 mediated intracellular pathway

[50] mediated cell death, but the detailed mechanisms

are still unclear. By co-culturing the NSCLC cells with

CD8+ T cells isolated from human peripheral blood

mononuclear cells (hPBMCs) in a transwell co-culturing

system to avoid direct cell-to-cell contact, we found that

NSCLC cells inhibited cell expansion, viability and pro-

inflammatory cytokines secretion, while promoted cell

death in CD8+ T cells in a secreted PD-L1 dependent

manner, suggesting that NSCLC cells inactivated CD8+

T cells by secreting PD-L1 in the in vitro co-culturing

system. Interestingly, we found that circ-CPA4 also posi-

tively regulated exosomal PD-L1 expressions by silencing

let-7 miRNA in the supernatants of NSCLC cells, hence

the NSCLC cells deficient of circ-CPA4 were next co-

cultured with CD8+ T cells. As expected, the NSCLC

cells with circ-CPA4 ablation increased CD8+ T cell pro-

liferation and activity, but circ-CPA4 overexpression had

opposite effects. The above in vitro results indicated that

knock-down of circ-CPA4 in NSCLC cells activated

CD8+ T cells in tumor microenvironment by downregu-

lating secreted PD-L1.

Conclusions
Collectively, this study found that knock-down of circ-

CPA4 inhibited intracellular and extracellular PD-L1 by

targeting let-7 miRNA. On the one hand, PD-L1 self-

regulated NSCLC cell growth, mobility, stemness and

chemoresistance to cisplatin treatment. On the other,

secreted PD-L1 inactivated CD8+ T cells by activating

extracellular and intracellular pathways mediated cell

death to facilitate immune evasion. However, future

experiments are still needed to investigate the detailed

mechanisms of PD-L1 induced CD8+ T cell death and

inactivation.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.

1186/s13046-020-01648-1.

Additional file 1 Figure S1. The A549 and H1299 cells transfected with

different vectors were used to generate xenograft mice models, the

tumor tissues were collected and (A-C) Western Blot was used to

examine the expression levels of Cyclin D1, Bax and Bcl-2 in tumor tis-

sues. (D) Tumors were photographed and tumor weight was measured

to evaluate tumorigenesis of NSCLC cells in vivo. *P < 0.05.

Additional file 2 Figure S2. The overexpression and downregulation

vectors for circ-CPA4 were successfully delivered into NSCLC cells (A549,

H1299, SK-MES-1 and Calu-3), examined by using the Real-Time qPCR.

**P < 0.01.

Additional file 3 Figure S3. Western Blot analysis was performed to

examine the expression levels of TSG101 in the isolated exosomes.

Additional file 4 Figure S4. The Pan-cancer analysis was conducted by

using the online starBase software (http://starbase.sysu.edu.cn/panCancer.

php), and the (A-C) expression levels and (D-F) prognosis relevance of

circ-CPA4, let-7 miRNA and PD-L1 in lung squamous cell carcinoma

(LUSC) were analyzed.

(See figure on previous page.)

Fig. 9 NSCLC cells with differential circ-CPA4 expressions influenced CD8+ T cell expansion and activation in the co-culturing system. a Knock-

down of circ-CPA4 promoted cell proliferation in CD8+ T cells, while circ-CPA4 overexpression had opposite effects. b The effects of NSCLC cells

differential circ-CPA4 expressions on CD8+ T cell viability were determined by trypan blue staining assay. c-e FCM was conducted to examine the

apoptosis ratio of CD8+ T cells in the co-culturing system. f-g Western Blot was performed to detect the expression levels of Bax in CD8+ T cells

co-cultured with NSCLC cells. h, i Real-Time qPCR was conducted to detect the mRNA levels of inflammatory cytokines (IFN-γ, IL-4 and IL-10) in

CD8+ T cells. j, k The expression status of IFN-γ, IL-4 and IL-10 in the supernatants were measured by ELISA. Each experiment repeated at least 3

times. *P < 0.05, **P < 0.01, NS means no statistical significance
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