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ABSTRACT
Background: The cancer cell marker poliovirus receptor-like protein 4 (PVRL4) has been shown to be highly expressed in 
many cancers, including lung cancer. Myeloid-derived suppressor cells (MDSCs) are a population of immature myeloid cells with 
immunosuppressive roles that can attenuate the anticancer response. Here, the precise functions and the relationship between 
PVRL4 and MDSCs in lung adenocarcinoma (LUAD) progression were investigated.
Methods: Detection of levels of mRNAs and proteins was conducted using qRT-PCR and western blotting. The CCK-8, colony 
formation, transwell, wound healing assays, and flow cytometry were used to explore cell growth, invasion, migration, and apop-
tosis, respectively. ELISA analysis detected TGF-β1 contents. LUAD mouse models were established for in vivo assay. Exosomes 
were isolated by ultracentrifugation. MDSCs were induced from peripheral blood mononuclear cells (PBMCs) by cytokine or 
co-culture with cancer cells.
Results: LUAD tissues and cells showed high PVRL4 expression, and PVRL4 deficiency suppressed LUAD cell proliferation, in-
vasion, migration, and induced cell apoptosis in vitro, and impeded LUAD growth in vivo. Thereafter, we found that PVRL4 was 
packaged into exosomes in LUAD cells, and could be transferred into PBMCs to promote MDSC induction and the expression of 
MDSC-secreted TGF-β1. Functionally, the silencing of exosomal PVRL4 impaired LUAD cell proliferation, invasion, migration, 
and evoked cell apoptosis, which could be reversed by the incubation of TGF-β1-overexpressed MDSCs.
Conclusion: Exosomal PVRL4 promoted LUAD progression by inducing the secretion of TGF-β1 in MDSCs, indicating a novel 
direction for LUAD immunotherapy.

1   |   Introduction

Lung adenocarcinoma (LUAD) is one of the deadliest cancers 
accounting for about 40% of all lung cancer cases  [1, 2]. The 
majority of LUAD are incurable or advanced, so the 5-year sur-
vival of LUAD patients is only 15% [3, 4]. Surgery remains the 
standard therapy yet; however, there is a high risk of relapse [5]. 
Thus, a better understanding of the pathogenesis of LUAD is 

indispensable for developing effective therapeutic strategies for 
this disease.

In recent years, molecular targeted therapy using therapeutic 
monoclonal antibodies or small molecule agents to impact signal 
transduction has been recognized to play a fundamental role in 
precision medicine for oncotherapy [6, 7]. The achievement of 
anticancer effects of molecular targeted therapy is involved in 
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diverse mechanisms, including the suppression of cell angiogen-
esis, growth, and metastasis, the promotion of cell apoptosis, the 
enhancement antitumor immunity by promoting the cytotoxicity 
in T cells, decreasing immunosuppressive myeloid cells or trig-
gering immunogenic cell death [8, 9]. Relative to conventional 
chemotherapy, targeted therapeutic drugs have fewer side effects 
and great advantages in efficacy and safety, and many of small-
molecule targeted agents have been used clinically for the therapy 
of various cancers since the initial approval of the first tyrosine 
kinase inhibitor imatinib by the US FDA in 2001 [10–12]. In lung 
cancer, molecular alterations is also reported to be implicated in 
the progression of this cancer, and numerous of targeted antitumor 
drugs have been approved for lung cancer treatment or are being 
developed [13]. Poliovirus receptor-like protein 4 (PVRL4, or nec-
tin-4) is an embryonic protein belonging to the PVRLs family that 
are adhesion receptors of the immunoglobulin superfamily [14]. It 
is a cancer cell marker that is highly expressed in many tumors of 
breast, ovarian, colon, lung, etc. [15–18] PVRL4 is implicated in 
modulating a variety of facets of cancer like metastasis, angiogen-
esis, proliferation, cancer relapse, drug resistance, etc., and is rec-
ognized as a promising molecule for targeted therapy in cancers 
[18]. Moreover, Tamura et al. showed that PVRL4 expression was 
elevated in canine primary lung adenocarcinoma, and was posi-
tively associated with tumor growth [19]. In addition, we found an 
increased expression of PVRL4 in LUAD tissues according to the 
Ualcan, Gepia, and Timer databases, indicating that PVRL4 de-
regulation may be related to LUAD progression. However, the pre-
cise functions of PVRL4 on LUAD tumorigenesis remain unclear.

Herein, this study investigated the action of PVRL4 on LUAC 
cell oncogenic phenotypes and tumor growth, and its protein 
mechanisms, which may provide a new direct for the develop-
ment of molecular targeted therapy in LUAD.

2   |   Materials and Methods

2.1   |   Clinical Samples

Tumor tissues and adjacent normal tissues were collected from 
31 newly diagnosed LUAD patients by surgery. None of them 
received the preoperative therapy. In addition, 5 mL venous 
blood was collected from healthy volunteers for human periph-
eral blood mononuclear cells (PBMCs) isolation. All the samples 
were stored at −80°C. This study was authorized by the institu-
tional ethics committee of the Affiliated Hospital of Guangdong 
Medical University based on the Declaration of Helsinki.

2.2   |   Cell Culture

LUAD cell lines A549 and HCC827 and the normal 16HBE cells 
were purchased from Procell (Wuhan, China) and then cultured 
in RPMI-1640 medium (PM150110) plus1% penicillin/streptomy-
cin (PB180120) and 10% FBS (164210-50) (Procell) at 37°C with 
5% CO2.

2.3   |   qRT-PCR

Total RNAs were isolated using the TRIzol (Pufei, Shanghai, 
China), and then reversed transcribed into cDNAs following 

the recommended protocol of PrimerScript RT Reagent Kit 
(TaKaRa, Kyoto, Japan). Next, qRT-PCR was conducted using 
cDNA templates and SYBR Green Taq Mix (Takara). The fold 
change was determined using the 2−ΔΔCt method normalizing 
to β-actin expression. Table 1 lists the primers for qRT-PCR.

2.4   |   Western Blotting

Total proteins were isolated by incubating cells or tissues with 
500 μL RIPA lysis buffer (Beyotime, Beijing, China). Then the 
lysates were separated by PAGE with a 4%–20% gradient Tris-
glycine gel, and subsequently transferred from the gel to a ni-
trocellulose membrane at 30 V for 1 h. After being blocked in 
5% milk for 1 h, the PVRL4 (ab155692, 1:2000), Alix (ab275377, 
1:1000), CD63 (ab271286, 1:1000), TGF-β1 (ab215715, 1:1000) 
and β-actin (ab8226, 1:2000) primary antibodies were used to 
incubate overnight at 4°Cwith the membranes, which were then 
incubated with matched HRP-conjugated secondary antibodies 
at 37°Cfor 2 h. The band densities were determined by using an 
ECL kit (Beyotime).

2.5   |   Cell Transfection

The short hairpin RNA (shRNA) was designed to target PVRL4 
(sh-PVRL4) with scramble shRNA as the control (sh-NC). Then 
sh-PVRL4 or sh-NC was cloned into the lentiviral plasmids 
(ATCC, Rockville, MD, USA) and then incubated with 293 T 
cells. Forty-eight hours later, lentiviral particles carrying sh-NC 
or sh-PVRL4 were obtained by ultracentrifugation from 293 T 
cell supernatants. For overexpression of TGF-β1, the CDS region 
of TGF-β1 encoding the full-length protein was subcloned into 
pcDNA3.1 plasmids at BamH1 and EcoR1 sites (GenePharma, 
Shanghai, China), termed TGF-β1, and the scramble plasmid 
served as the control (pcDNA). The recombinant lentiviral par-
ticles or plasmids were transfected into LUAD cells or MDSCs 
using the Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) 
according to the instruction manuals.

2.6   |   Exosome Isolation and Identification

The culture medium of A549 and HCC827 cells that were trans-
fected with or without sh-PVRL4 or sh-NC were harvested and 
centrifuged at 300 g for 10 min to obtain cell supernatant. Then, 
the cell supernatant was centrifuged at 10000 g for 20 min and at 
100000 × g for 70 min, successively. The precipitates were then 
resuspended in 1 × PBS, filtered with 0.22 μm strainer, and then 
centrifuged at 100000 × g for 1 h. Then exosome pellets were 

TABLE 1    |    The primers for qRT-PCR.

Name Primers for qRT-PCR (5′-3′)

PVRL4 Forward TGTCCTGGTCCCAGATATGAGT

Reverse CCGTAGGGTCCCATTCTCCT

β-Actin Forward CTTCGCGGGCGACGAT

Reverse CCACATAGGAATCCTTCTGACC
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collected, named HCC827-Exo, A549-Exo, HCC827-Exosh–NC, 
A549-Exosh–NC, HCC827-Exosh–PVRL4, or A549-Exosh–PVRL4, and 
resuspended in PBS for subsequent analysis. The morphology 
of exosomes was observed by a transmission electron micro-
scope (TEM) (JEM-1010, JEOL, Tokyo, Japan). In addition, 
resuspended exosomes were lysed on ice, and protein levels of 
exosomal markers (Alix, CD63, and CD9) were examined using 
western blotting.

2.7   |   Human MDSC Induction

Human PBMCs were isolated from the blood samples of Healthy 
donors using the Lymphocyte separation medium (TBD, Beijing, 
China) as per the manufacturer's protocol. To generate MDSCs, 
PBMCs (1 × 106 cells/mL) were incubated with 10 ng/mL GM-
CSF, 10 ng/mL IL-6, and 10% heat-inactivated FBS in RPMI-
1640 medium for 1 week. The medium was replaced by fresh 
medium for 3 days. In addition, PBMCs were cultured in RPMI-
1640 medium containing 10% exosome-depleted FBS at a den-
sity of 2 × 10 [5], and then incubated with 10 μg/mL exosomes 
(HCC827-Exo, A549-Exo, HCC827-Exosh–NC, A549-Exosh–NC, 
HCC827-Exosh–PVRL4, or A549-Exosh–PVRL4) for 48 h. Then, the 
percentage of CD14+HLA-DR− MDSCs was determined using 
flow cytometry.

2.8   |   Cellular Uptake of Exosomes

Exosomes were resuspended in 50 μL PBS and then mixed 
with 1 mL of Diluent C. Thereafter, 4 μL PKH67 dye diluted 
in 1 mL of diluent C was added to incubate with exosomes for 
15 min. Then the exosome mixture was incubated with 3 mL 
0.5% BSA to remove unincorporated dye contamination. After 
centrifugation at 100000 × g for 70 min, purified PKH67 exo-
somes were collected and incubated with PBMCs for 48 h. 
Cells were stained with DAPI at the end of incubation to ob-
serve nuclei. The exosomes uptake was observed using a fluo-
rescence microscope.

2.9   |   Cell Counting Kit-8 (CCK-8) Assay

Assigned A549 and HCC827 cells were placed onto a quantity 
of 1 × 104 cells/well in a 96-well plate, and then incubated with 
15 μL CCK-8 solution for 24, 48 or 72 h. Finally, the absorbance 
was tested at 450 nm.

2.10   |   Colony Formation Assay

Assigned A549 and HCC827 cells were grown at 37°C for 
10–14 days. After washing with PBS, cells were fixed in meth-
anol for 15 min and then labeled with crystal violet (0.1%) for 
30 min. Colonies ( ≥ 50 cells) were observed and counted.

2.11   |   Transwell Assay

Transwell Chamber inserts pre-coated with Matrigel (BD 
Biosciences, Franklin Lakes, NJ, USA) were used for cell 

invasion analysis. After the indicated treatment, A549 
and HCC827 cells were plated into the upper chambers of 
Transwell plates containing serum-free RPMI-1640 medium. 
Six hundred microliters of medium supplemented with 10% 
FBS was plated into the lower chambers. Twenty-four hours 
later, the invaded cells were fixed with 4% formalin and 
stained with crystal violet. The stained cells were then visual-
ized and counted.

2.12   |   Wound Healing Assay

After the indicated treatment, A549 and HCC827 cells were 
seeded at 1 × 105 cells/well in a 6-well plate with serum-free 
medium. Then, the cell monolayer was scraped using a 1-ml 
pipette tip and washed 3 times with PBS (time 0). Next, a 
complete growth medium was used to culture the cell for an-
other 24 h. Images were captured using a light microscope at 
0 and 24 h, and the wound closure was recorded to assess cell 
migration.

2.13   |   Flow Cytometry

For cell apoptosis analysis, A549 and HCC827 cells with indicated 
treatment were resuspended in 1× Annexin V binding buffer con-
taining 10 μL Annexin V-FITC and 10 μL propidium iodide (PI) 
(BD Biosciences), and incubated for 15 min avoiding light. The 
apoptotic cells were analyzed by flow cytometer (BD Biosciences).

To measure the population of CD14+HLA-DR− MDSCs, 
PBMCs incubated with assigned exosomes were stained with 
anti-human CD14-FITC and anti-human HLA-DR-PE (BD 
Biosciences) at 37°C for 30 min. Lastly, a flow cytometric analy-
sis was performed.

2.14   |   ELISA Analysis

The supernatant of assigned A549 and HCC827 cells was col-
lected by centrifugalization and the concentrations of TGF-β1 
were determined using the ELISA Kits (Abcam) in line with the 
manufacturers' instructions.

2.15   |   In Vivo Assay

A549 cells were infected with sh-NC or sh-PVRL4 lentiviral 
particles and 8 μg/mL polybrene. Then stable infected cells 
(4 × 10 [6]/0.2 mL PBS) were subcutaneously inoculated into 
BALB/c mice (4–5 weeks old, n = 12, Slaike Jingda Laboratory, 
Hunan, China). The tumor volume was monitored every 
5 days. At day 25, mice were killed and tumors were isolated 
and weighed.

2.16   |   Immunohistochemistry (IHC) Staining

The human LUAD tissues or mouse xenograft tissues were 
fixed with 10% formaldehyde and then embedded in paraffin. 
Paraffin-embedded tissues were cut into 4-μm sections and 
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FIGURE 1    |    PVRL4 is highly expressed in LUAD tissues and cells. (A–C) The Ualcan, Gepia, and Timer databases indicated that PVRL4 was 
highly expressed in LUAD tissues. (D–F) qRT-PCR, western blotting, and IHC analysis showed the expression profiles of PVRL4 in clinical LUAD 
tissues and normal tissues. (G, H) qRT-PCR and western blotting for the expression profiles of PVRL4 in LUAD cell lines and normal 16HBE cells. 
*p < 0.05.
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then subjected to deparaffinization, rehydration, and antigen 
retrieval. Thereafter, the sections were labeled with PVRL4 
and Ki67 antibodies overnight at 4°C and matched secondary 

antibodies at 37°C for 2 h. Following staining with diaminoben-
zidine (DAB) (Beyotime), the images were photographed and 
analyzed.

FIGURE 2    |    PVRL4 silencing suppresses LUAD cell proliferation, invasion, and migration and induces cell apoptosis. (A-G) The sh-PVRL4 or 
sh-NC was transfected into A549 and HCC827 cells. (A) Western blotting for PVRL4 levels in cells. (B-D) CCK-8 and colony formation assays for cell 
proliferation. (E) Transwell for cell invasion. (F) Wound healing assay for cell migration. (G) Flow cytometry analysis for cell apoptosis. *p < 0.05.
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2.17   |   Statistical Analysis

The data were manifested as the mean ± standard deviation 
(SD). Group comparison was conducted using the Student's t-test 
or analysis of variance followed by Tukey's post hoc test. p < 0.05 
meant statistically significant.

3   |   Results

3.1   |   PVRL4 Is Highly Expressed in LUAD Tissues 
and Cells

According to the analysis based on the Ualcan, Gepia, and 
Timer databases, we found that PVRL4 was highly expressed in 
LUAD tissues (Figure 1A–C). Also, we confirmed that PVRL4 
levels both at mRNA and protein levels were higher in clinical 
LUAD tissues compared with the normal tissues (Figure 1D–F). 
In addition, a high expression of PVRL4 in LUAD cell lines was 
observed relative to normal 16HBE cells (Figure 1G,H).

3.2   |   PVRL4 Silencing Suppresses LUAD Cell 
Proliferation, Invasion, and Migration and Induces 
Cell Apoptosis

Next, the functions of PVRL4 on LUAD progression were stud-
ied. The sh-PVRL4 or sh-NC was designed and western blot-
ting showed that sh-PVRL4 introduction in A549 and HCC827 
cells markedly decreased PVRL4 expression relative to sh-NC 
(Figure 2A). Functionally, CCK-8 and colony formation assays 
suggested that PVRL4 silencing suppressed A549 and HCC827 
cell proliferation (Figure  2B–D). Then, transwell and wound 
healing assays showed that the invasion and migration abilities 
of A549 and HCC827 cells were markedly impaired after PVRL4 

knockdown (Figure  2E,F). Moreover, PVRL4 deficiency-
induced apoptosis in A549 and HCC827 cells (Figure 2G).

3.3   |   PVRL4 Silencing Impedes LUAD Growth 
In Vivo

Subsequently, we further investigated the role of PVRL4 on 
LUAD progression in vivo. As shown in Figure 3A,B, PVRL4 
silencing suppressed LUAD growth, evidenced by smaller and 
lighter tumors. Then we found that levels of PVRL4 were de-
creased in xenograft tumors of sh-PVRL4 group (Figure  3C). 
IHC analysis also showed the PVRL4- or Ki67-positive cells in 
xenograft tumors of sh-PVRL4 group were decreased compared 
with sh-NC group (Figure 3D).

3.4   |   PVRL4 Is Transferred Into PBMCs From 
LUAD Cells by Exosomes

Thereafter, we aimed to explore whether the oncogenic activ-
ity of PVRL4 has effects on the tumor microenvironment. The 
exosomes were isolated from A549 and HCC827 cells, named 
A549-Exo and HCC827-Exo. The extracellular A549-Exo and 
HCC827-Exo were identified by their typical cup-shaped mor-
phology using TEM and by exosomal markers (CD9+, CD63 + , 
and Alix+) (Figure 4A,B). Then isolated A549-Exo and HCC827-
Exo were incubated with PBMCs. The uptake of A549-Exo and 
HCC827-Exo was observed using the PKH67 staining. We found 
that PKH67-labeled exosomes were localized in the cytoplasm, 
markedly endocytosed by PBMCs (Figure 4C). After incubation 
of A549-Exo and HCC827-Exo, levels of PVRL4 protein were in-
creased in PBMCs (Figure 4D,E). In addition, PBMCs were also 
incubated with A549 or HCC827 cells, followed by GW4869 incu-
bation. We discovered that PVRL4 protein levels were increased 

FIGURE 3    |    PVRL4 silencing impedes LUAD growth in vivo. (A, B) The growth curve of xenograft tumors. (B) Representative xenograft tumors 
and the weight of xenografts. (C) Western blotting for PVRL4 levels in xenograft tumors. (D) IHC analysis for Ki67 and PVRL4 in xenograft tumors. 
*p < 0.05.
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after A549 or HCC827 cell incubation, but decreased in the 
GW4869 incubation group (Figure 4F,G), further suggesting that 
PVRL4 could be transferred into PBMCs by LUAD cell exosomes.

3.5   |   PVRL4 Knockdown in LUAD Cell-Exosomes 
Suppresses MDSC Induction and the Production 
of MDSC-Secreted TGF-β1

Next, the exosomes from A549 or HCC827 cells transfected with 
sh-MC or sh-PVRL4 were isolated, named HCC827-Exosh–NC, 
A549-Exosh–NC, HCC827-Exosh–PVRL4, or A549-Exosh–PVRL4, and 
incubated with PBMCs. Then, levels of PVRL4 were detected. 
Western blotting analysis showed that PVRL4 levels in PBMCs 
with HCC827-Exosh–PVRL4, or A549-Exosh–PVRL4 incubation 
were significantly decreased (Figure 5A). Flow cytometry sug-
gested that the number of CD14+HLA-DR− MDSCs was mark-
edly decreased after HCC827-Exosh–PVRL4 or A549-Exosh–PVRL4 

incubation, or PBS incubation compared with HCC827-Exosh–NC 
or A549-Exosh–NC incubation (Figure 5B,C), indicating that the 
decrease of exosomal PVRL4 led to the inhibition of MDSC in-
duction. Moreover, ELISA and western blotting analyses sug-
gested that levels of TGF-β1 that was secreted by MDSCs were 
decreased by HCC827-Exosh–PVRL4 or A549-Exosh–PVRL4 incuba-
tion (Figure 5D–G), suggesting that the deficiency of exosomal 
PVRL4 suppressed MDSC-secreted TGF-β1.

3.6   |   Knockdown of Exosomal PVRL4 Suppresses 
LUAD Cell Proliferation, Invasion, and Migration 
and Induces Cell Apoptosis by Regulating 
MDSC-Secreted TGF-β1

To study whether exosomal PVRL4 affected LUAD by modu-
lating MDSCs, we overexpressed TGF-β1 in MDSCs and in-
cubated with LUAD cell lines that were pre-incubated with 

FIGURE 4    |    PVRL4 is transferred into PBMCs from LUAD cells by exosomes. (A) TEM analysis for exosome morphology. (B) Western blotting 
analysis for exosomal markers (CD9, CD63 and Alix). (C) The uptake of A549-Exo and HCC827-Exo was observed using the PKH67 staining. (D, E) 
Levels of PVRL4 protein were detected by western blotting in PMSCs after incubating with A549-Exo, HCC827-Exo or PBS (Control). (F, G) PBMCs 
were incubated with PBS, A549 or HCC827 cells and PBS, or A549 or HCC827 cells and GW4869, and levels of PVRL4 protein were examined by 
western blotting in PMSCs. *p < 0.05.
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HCC827-Exosh–NC, A549-Exosh–NC, HCC827-Exosh–PVRL4, or 
A549-Exosh–PVRL4. Western blotting analysis showed that levels 
of TGF-β1 were reduced by the knockdown of exosomal PVRL4 
in LUAD cells despite under MDSC incubation and were then 
rescued by TGF-β1 overexpression in MDSCs (Figure  6A). 
Functionally, we found that the silencing of exosomal 
PVRL4 suppressed the proliferation (Figure  6B–E), invasion 
(Figure 6F,G), migration (Figure 6H,I), and induced the apopto-
sis (Figure 6J,K) in A549 and HCC827 cells, while these effects 

were counteracted by the incubation of TGF-β1 overexpressed 
MDSCs (Figure 6B–K).

4   |   Discussion

In the present work, a highly expressed PVRL4 was observed in 
clinical LUAD tissues and cells, and was consistent with the da-
tabase results. Functionally, PVRL4 silencing suppressed LUAD 

FIGURE 5    |    PVRL4 knockdown in LUAD cell exosomes suppresses MDSC induction and the level of MDSC-secreted TGF-β1. (A-G) PBMCs were 
incubated with PBS, HCC827-Exosh–NC, A549-Exosh–NC, HCC827-Exosh–PVRL4, or A549-Exosh–PVRL4. (A) Levels of PVRL4 were detected by western 
blotting. (B, C) Flow cytometry for the number of CD14+HLA-DR− MDSCs after co-incubation. (D-G) ELISA analysis and western blotting for 
TGF-β1 levels in PBMCs after co-incubation. *p < 0.05.
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cell proliferation, invasion, migration and induced cell apopto-
sis. Further in vivo assay also suggested that the deficiency of 
PVRL4 hampered LUAD growth in mouse models. This data 

validated the oncogenic roles of PVRL4 in LUAD progression. 
Till date, PVRL4 has long been a potential therapeutic target of 
interest to researchers due to its endocytotic characteristics [20]. 

FIGURE 6    |    Knockdown of exosomal PVRL4 suppresses LUAD cell proliferation, invasion, and migration and induces cell apoptosis by reg-
ulating MDSC-secreted TGF-β1. (A-K) A549 and HCC827 cells were incubated with TGF-β1 overexpressed MDSCs, followed by incubating with 
HCC827-Exosh–NC, A549-Exosh–NC, HCC827-Exosh–PVRL4, or A549-Exosh–PVRL4. (A) Levels of PVRL4 were detected by western blotting. (B–E) CCK-8 
and colony formation assays for cell proliferation. (F, G) Transwell for cell invasion. (H, I) Wound healing assay for cell migration. (J, K) Flow cy-
tometry analysis for cell apoptosis. *p < 0.05.
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Fujiyuki et  al. established a recombinant measles virus to in-
fect host cells by binding to PVRL4 for oncolytic virus therapy, 
and was demonstrated to impede xenograft growth in breast 
and pancreatic cancers [21, 22]. The first enfortumab vedotin 
antibody-drug conjugate targeting PVRL4 (AGS-22 M6) have 
been approved by the FDA for urothelial carcinoma treatment, 
which induces cell apoptosis by destroying microtubules via 
monomethyl auristatin E release [23, 24]. Thus, it is conceiv-
able to foster that PVRL4 siRNAs or shRNAs may be promising 
agents for LUAD therapy.

Nevertheless, the low response rate because of endothe-
lial barrier and the emergence of drug resistance have been 
identified to limit the potency of molecular targeted therapy 
[7, 12]. Exosomes, secreted by most cells, are one kind of nano-
sized small extracellular vesicles ranging from 30 to 150 nm 
in diameter. They can transmit signals and molecules, such 
as nucleic acids, lipids, proteins, glycoconjugates, and other 
bioactive substances, to local or distant recipient cells, thereby 
impacting cellular physiological and pathological processes 
[25–27]. Moreover, exosomes have been identified to be high 
physicochemical stability, well tolerated, and low immunoge-
nicity, as well as possess the ability to cross the blood brain 
barrier; therefore, they are ideal drug delivery carriers for 
cell-free therapy [28, 29]. Herein, we conformed that PVRL4 
was packaged into exosomes in LUAC cells and could be 
transfer into other cells via exosomes, further exhibiting the 
feasibility of therapeutic strategy to target and inhibit PVRL4 
activity in LUAD. Importantly, we found that the knock-
down of exosomal PVRL4 markedly suppressed LUAD cell 
proliferation, invasion, migration and induced cell apopto-
sis by down-regulating MDSC-secreted TGF-β1. MDSCs are 
heterogeneous, immature cell populations of myeloid origin 
that promote tumor immune escape and protect tumor cells 
against the host immune system attack in the tumor micro-
environment (TEM) [30, 31]. There is compelling evidence 
that MDSCs are major inhibitors of the anticancer response, 
they accelerate cancer growth by inducing the production of 
immunosuppressive molecules in the TME, such as TGF-β, 
IL-10, and reactive oxygen species, suppressing T cell acti-
vation via expressing cell surface receptors, or enhancing 
cell growth and invasion through producing matrix metallo-
proteinases and vascular endothelial growth factor [32, 33]. 
Collectively, it is conceivable to impair MDSCs as a viable 
therapeutic method for improving the efficacy of anti-tumor 
immunotherapy, since emerging evidence has confirmed the 
significant role of MDSCs in cancer mouse models and cancer 
patients, and their roles were implicated in enhancing MDSC 
differentiation, reducing MDSC accumulation and expan-
sion, preventing the migration of MDSCs to tumor sites or the 
production of immunosuppressive molecules [34–36]. In the 
present work, we proved that PVRL4 knockdown in LUAD 
cell-exosomes suppressed MDSC accumulation and the pro-
duction of MDSC-secreted TGF-β1, further indicating the on-
cogenic activity of PVRL4 on LUAD.

In conclusion, knockdown of exosomal PVRL4 suppressed 
LUAD progression by reducing MDSC induction and TGF-β1 
production, which provide new insights into the development of 
potential molecular targets for the treatment of LUAD from a 
clinical perspective.
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