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A B S T R A C T   

Non–small cell lung cancer (NSCLC) is the most common tumor that metastasizes to the brain. It is now accepted 
that the successful colonization and growth of tumor cells are determined by the interaction between tumor cells 
and the tumor microenvironment (TME). Microglia, brain innate immune cells, have been reported to play a vital 
role in the establishment of brain metastases. As essential mediators of intercellular communications, tumor- 
derived exosomes have an important role in the pathogenesis and progression of cancer by transferring their 
cargos to specific recipient cells. The crosstalk between microglia and tumor-derived exosomes has been 
extensively described. However, it is still unclear whether metastatic NSCLC cells secret exosomes to microglia 
and regulate the microglial functions. Here, our results showed that microglia aggregated in the brain metastatic 
sites. Meanwhile, microglia could take up the exosomes derived from NSCLC cells, leading to alterations of 
microglial morphology and increased proliferation, phagocytosis, and release of inflammatory cytokines 
including interleukin-6, interleukin-8, and CXCL1. Further investigation indicated that miR1246 was the most 
enriched microRNA in NSCLC-derived exosomes and mediated the partial effects of exosomes on microglia. 
Notably, miR1246 was also upregulated in the plasmatic exosomes of NSCLC patients. These results offer a new 
insight into the impact of NSCLC-derived exosomes on microglia and provide a new potential biomarker for 
diagnosing NSCLC.   

Introduction 

According to global cancer statistics, lung cancer remains the leading 
cause of cancer mortality, with 1.8 million (18%) deaths around the 
world in 2020, and non–small cell lung cancer (NSCLC) is the most 
common type, accounting for approximately 85% of lung cancer cases 
[1,2]. Tumor metastasis causes about 90% of cancer-related deaths [3]. 
In particular, the brain has a predisposition for colonization by 
disseminated lung cancer cells, with up to 50% of lung cancer patients 
developing brain metastases [4,5]. Historically, the brain has been 
regarded as a shelter for lung cancer cells due to its unique anatomical 
structures, immune environment, and metabolic constraints; therefore, 
brain metastases have been considered a terminal disease stage with a 

poor prognosis and a median overall survival period of approximately 
3–8 months [6,7]. Although promising advances have been made to 
decipher the mechanism of brain metastases, the prognosis of lung 
cancer patients with brain metastasis remains poor [8–10]. Therefore, 
novel understandings of the process of brain metastases in lung cancer 
are greatly needed. 

It is generally accepted that the successful colonization and growth 
of tumor cells in the brain is determined by the interaction between 
tumor cells and the brain microenvironment [11,12]. The brain micro
environment is isolated from peripheral circulation by the blood-brain 
barrier (BBB). The major cellular elements consist of neurons and glial 
cells, including astrocytes, microglia, pericytes, and oligodendrocytes. 
In recent years, significant progress has been made in studying the 

Abbreviations: NSCLC, non–small-cell lung cancer; TEM, tumor microenvironment; TAM, tumor-associated macrophages; BBB, blood-brain barrier; GBM, 
glioblastoma. 
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mechanism of tumor cells crossing the BBB and the interaction between 
tumor cells and astrocytes [13–17]. As the brain’s innate immune cells, 
microglia have been reported to play a vital role in regulating the 
immunosuppressive microenvironment, the growth and 
mesenchymal-to-epithelial transition of tumor cells, extracellular matrix 
remodeling, and angiogenesis [18–22]. As essential mediators of 
cell-cell communications, tumor-derived exosomes containing proteins, 
DNA, and RNA have been increasingly recognized as contributors to the 
crosstalk between tumor and stromal cells [23]. In brain metastases of 
breast cancer, tumor cells that released more exosomal miR-503 trig
gered microglia polarization and upregulated immune-suppressive cy
tokines in microglia [18]. Similarly, microglia also took up exosomal 
microRNA (miRNA) of glioblastomas, leading to increased proliferation 
and shifting cytokine profiles toward immune suppression. Moreover, 
extracellular vesicles of metastatic melanoma cells instigated a 
pro-inflammatory gene signature in stromal cells in multiple distant 
organs, including brain metastases [24]. However, it is unclear whether 
metastatic NSCLC secret exosomes to the microglia and regulates the 
microglial functions. Hence, our study focused on the effects of 
NSCLC-derived exosomes on microglia. 

In this study, we observed that microglia aggregated around the 
brain metastatic sites in mouse models and NSCLC patients’ specimens. 
Meanwhile, microglia took up the exosomes derived from NSCLC cells, 
leading to the alterations in microglial morphology and increased pro
liferation, phagocytosis, and release of inflammatory cytokines, 
including interleukin (IL)-6, IL-8, and CXCL1. Importantly, we found 
that exosomal miR1246 is a critical miRNA to mediate the effects of 
exosomes on the microglia. Moreover, we also discovered that the 
expression of serum exosomal miR1246 was significantly higher in 
NSCLC patients than in healthy controls. Ultimately, our study eluci
dated the underlying mechanism involving the effects of NSCLC-derived 
exosomes on the microglia. 

Materials and methods 

Cell culture 

The HMC3 human microglia cell line was obtained from the Amer
ican Type Culture Collection (ATCC, Manassas, VA, USA). The A549 
human NSCLC cell line was purchased from the China Center for Type 
Culture Collection (CCTCC, Wuhan, China). A549-BrM was a gift from 
Dr. Yuan (Department of Oncology, Tongji Hospital, Tongji Medical 
College, Huazhong University of Science and Technology). HMC3 cells 
were maintained in Minimum Essential Medium (MEM) medium (Gibco 
Laboratories, Gaithersburg, MD, USA) containing 10% fetal bovine 
serum (FBS) in a 37 ◦C, 5% CO2 atmosphere. A549 cells were maintained 
in RPMI 1640 (Gibco Laboratories) with 10% FBS and 100 U/mL of 
penicillin-streptomycin at 37 ◦C in a humid atmosphere of 5% CO2. 

Animal studies 

All animal experiments were performed following protocols 
approved by the ethics committee of the Institutional Animal Care and 
Use Committee of Tongji Medical College, Huazhong University Science 
and Technology University. Male BALB/c nude mice (6–8 weeks of age) 
were used and randomly allocated to each group. For the brain metas
tases assay, first mice were anesthetized with 1.5% sodium pentobar
bital, then 2 × 105 luciferase-labeled A549-BrM cells suspended in 100 
µL of PBS were injected into the left cardiac ventricle of mice using 1ml 
syringe with a 26G needle, while the control group received 100 µL of 
PBS. To confirm successful brain metastases, mice were intraperitone
ally injected with D-luciferin (150 mg/kg) and the photo flux from 
whole body was observed and imaged at 4 weeks after injection tumor 
cells by using the Lago X (Spectral Instruments Imaging, Tucson, AZ, 
USA) coupled with the Living Image Acquisition and Analysis software 
program (PerkinElmer, Waltham, MA, USA). 

Patient sample 

Serum samples were collected from NSCLC patients (n = 39) diag
nosed with lung adenocarcinoma at Tongji Hospital of Huazhong Uni
versity of Science and Technology between 2019 and 2022 and healthy 
donors (n = 25). Eligible patients for study enrollment were those who 
did not receive any type of treatment before collecting the serum sam
ples. The features of these participants are displayed in Supplementary 
Table S1. The serum was contained in a fresh anticoagulant tube and 
centrifugated at 3000 rpm for 10 min to remove cells. Next, serums were 
stored at − 80 ◦C for further analysis. Five human lung cancer brain 
metastases specimens were obtained from the Department of Pathology, 
Tongji Hospital, Tongji Medical College, Huazhong University of Sci
ence and Technology. All tumor tissues were obtained by surgical 
resection and diagnosed as brain metastases of lung cancer by a 
pathologist. All procedures were approved by human research ethics 
committees at Tongji Hospital. Informed consent was obtained from all 
subjects involved in the study. 

Exosomes isolation and identification 

For exosome isolation, A549 cells were cultured in a standard me
dium until reaching 80%–90% confluence; after that, the medium was 
replaced with RPMI-1640 medium with 2% exosome-free FBS for 48 h. 
The supernatant was collected and centrifuged at 300 g for 10 min, 
2000 g for 10 min, and 10,000 g for 20 min to remove residual cells and 
debris. After that, the supernatant was centrifugated at 120,000 g for 2 h 
at 4 ◦C, and pellets were resuspended in 6 mL of PBS. Then, the pellets in 
PBS were centrifugated again at 120,000 g for 70 min, and exosomes 
were suspended in 100–200 µL, then stored at − 80 ◦C for further anal
ysis. The analysis of exosome size was completed using nanoparticles 
tracking analysis (N30E; NanoFAM, Xiamen, China). Lastly, the 
morphology of exosomes was identified by transmission electron mi
croscopy (HT-7700; Hitachi, Tokyo, Japan). 

Exosomes labeling and tracking 

Purified exosomes isolated from the culture medium were labeled 
with PKH67 (Sigma-Aldrich, St. Louis, MO, USA) according to the 
manufacturer’s instructions. Then, the labeled exosomes were added to 
HMC3 cells for exosome-uptake studies. After incubation for 12 h at 
37 ◦C, these cells were stained with 4′,6-diamidino-2-phenylindole 
(Servicebio, Wuhan, China) and observed by fluorescence microscopy 
(FV1000; Olympus Corporation, Tokyo, Japan). 

Western blotting 

The cells and isolated exosomes were lysed on ice in RIPA buffer with 
a proteinase inhibitor (Beyotime Biotechnology, Shanghai, China). The 
lysates were collected and centrifugated at 4 ◦C and 12,000 rpm for 15 
min. Protein concentrations were determined using a bicinchoninic acid 
assay (Servicebio, Wuhan, China). Equal amounts of protein lysates 
were loaded and separated on sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis gels and transferred to NC membranes (Merck Mil
lipore, Burlington, MA, USA). The membranes were blocked with 5% 
bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 
room temperature and incubated overnight with primary antibodies, 
including ALIX, TSG-101, CD16, and CD80 (1:1000; Abcam, Cambridge, 
UK); Arg1 and MRC1 (1:1000; BOSTER, Wuhan, China); and β-actin 
(1:1000; Abclonal, Wuhan, China), followed by incubation with horse
radish peroxidase (HRP)-conjugated secondary antibodies (1:5000, 
Jackson ImmunoResearch, West Grove, PA, USA). The densitometry of 
protein bands was normalized with β-actin. 
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Immunofluorescent and immunohistochemical staining 

For immunofluorescent staining, brain slices or HMC3 cells seeded 
on 24-well plates were washed 2 times with PBS, fixed with 4% form
aldehyde for 15 min at room temperature, washed 3 times with PBS, 
permeabilized with 0.3% Triton X-100 for 15 min, blocked with 5% 
bovine serum albumin in PBS for 1 h, and incubated with phalloidin 
(1:40; Invitrogen, Carlsbad, CA, USA) for 30 min at room temperature or 
the primary antibody IBAI (1:400, WAKO Pure Chemical Industries, 
Osaka, Japan), Human Nuclear (1:500, Millipore, Billerica, MA, USA) 
overnight at 4 ◦C followed by Cy3 Affinity-purified Donkey Anti-Rabbit 
secondary antibody, Alexa Fluor 488 Donkey Anti-Mouse secondary 
antibody (1:200, Jackson ImmunoResearch, West Grove, PA, USA) for 1 
h in the dark. The cells were stained with DAPI (Beyotime Biotech
nology, Shanghai, China) and imaged using a confocal microscope with 
20 × and 40 × objectives (FV1000; Olympus, Tokyo, Japan). For 
immunohistochemical staining, a secondary antibody (HRP anti-rabbit, 
1:500; Jackson ImmunoResearch, West Grove, PA, USA) was incubated 
at room temperature for 50 min, then visualized with the peroxidase 
substrate DAB (Servicebio, Wuhan, China) for a maximum of 10 min. 
Finally, the slices were observed and imaged by microscopy (BX51; 
Olympus Corporation, Tokyo, Japan). 

Phagocytosis assay 

HMC3 cells were seeded into 24-cell plates at 2 × 104 cells per well 
for the phagocytosis assay. Following specific treatments, cells were 
added to 0.4 µL/mL of red fluorescent microspheres (Invitrogen, Carls
bad, CA, USA) and incubated at 37 ◦C for 2 h. Then, the cells were fixed 
with 4% paraformaldehyde (Servicebio, Wuhan, China) and incubated 
with phalloidin. Four randomly selected visual fields per coverslip were 
photographed by fluorescence microscopy (BX51; Olympus Corpora
tion, Tokyo, Japan). 

Proliferation assay 

Cells were seeded into 96-well plates and transfected with miRNA 
mimic or incubated with a medium with 20 µg/mL of exosomes. Then 
cells were added to 10 µL of Cell Counting Kit (CCK)-8 solution (Dojindo, 
Kumamoto, Japan) per well and incubated for 2 h at 37 ◦C. The absor
bance was measured by a microplate reader at 450 nm (Synergy H1; 
BioTek Instruments, Winooski, Vermont, USA). 

Wound healing assay 

The cells were seeded into 12-well plates until confluence, and a 10 
µL pipette tip was used to scratch them. Then, the cells were washed 2 
times with PBS to discard dead cells and treated with a control medium 
(PBS) or conditional medium (20 µg/mL of exosomes). Photographs 
were taken using an inverted fluorescence microscope (IX81; Olympus 
Corporation, Tokyo, Japan) at 0, 3, 12, and 24 h. The area of the 
scratches was calculated using the ImageJ software program (U.S. Na
tional Institutes of Health, Bethesda, MD, USA). 

Cytokine assay 

The Proteome Profiler human cytokine array (R&D Systems, Min
neapolis, MN, USA) was used to detect the presence of 36 cytokines in 
conditioned media according to the manufacturer’s instruction. The 
membranes were blocked for 1 h with array-blocking buffer, then 
incubated with 1.5 mL of conditioned media overnight on an orbital 
shaker at 4 ◦C, washed 3 times, and incubated with streptavidin–HRP for 
30 min. Lastly, members were exposed by imaging (Bio-Rad Labora
tories, Hercules, CA, USA), and spots were quantified using the ImageJ 
software program, with each spot normalized to the positive controls. 
Enzyme-linked immunosorbent assay (ELISA) kits were performed to 

detect the level of CXCL1 (R&D Systems) as well as those of IL-6 and IL-8 
(Neobioscience, Shenzhen, China) according to the manufacturer’s 
protocols. 

RNA sequencing 

A549 exosomes were isolated from A549 cell culture supernatants, 
and total RNA was extracted. The amount and quality of small RNA were 
tested by EpiBioteck (Guangzhou, China). The raw sequence data were 
evaluated by the Fast-QC analysis software program. The obtained small 
RNA sequences were compared to the human miRNA database (miR
Base, http:\\www.mirbase.org\), and miRNA expression was obtained. 

RNA extraction and real-time polymerase chain reaction (RT-PCR) 

Total RNA in exosomes was extracted with Trizol reagent (Invi
trogen, Carlsbad, CA, USA). RNA concentration and purity were 
measured using a multi-detection microplate reader (Synergy H1; Bio
Tek Instruments, Winooski, Vermont, USA). Then, mir-X miRNA first- 
strand synthesis (TaKaRa, Tokyo, Japan) was used to convert miRNA 
to complementary DNA according to the manufacturer’s instructions. 
Quantitative RT-PCR (qRT-PCR) was performed using SYBR Green PCR 
Master Mix (TOYOBO, Osaka, Japan). Expression data were normalized 
to the internal control U6, and the 2− ΔΔCt method was used to analyze 
the differences in relative expression levels between groups. The primer 
sequences are listed in Supplementary Table S2. 

Transfection 

The miR1246 mimic and miR1246 inhibitor, normal control, and 
inhibitor control were synthesized by Sangon Biotech (Sangon Biotech, 
Shanghai, China). These RNA oligonucleotides were then transfected 
into HMC3 cells by Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) 
at a final concentration of 100 nM according to the manufacturer’s in
structions. Total RNA or culture supernatants were collected for further 
assay 24 h after transfection. 

Statistical analysis 

Graphs were created, and statistical analysis was performed using 
the GraphPad Prism version 8 software program (GraphPad Software, La 
Jolla, CA, USA). Each experiment was carried out ≥3 times, and data are 
shown as mean ± standard error of the mean values. A student’s t-test 
was used to define differences between 2 groups, a 1-sample t-test was 
used when the control group was standardized, and a 1-way analysis of 
variance was used to analyze differences between 3–4 datasets. P < 0.05 
was considered to be statistically significant. 

Results 

Microglia infiltrated into metastatic brain lesions in the mouse brain 
metastasis model and human specimens 

Seeking the role of microglia in brain metastases of NSCLC, we 
inoculated luciferase-labeled A549-BrM cells into the left cardiac 
ventricle of mice to establish a metastatic brain model, then observed 
the formation of brain tumors by bioluminescence imaging (Fig. S1A). 
Essentially, 90% of mice developed brain metastases 4 weeks after in
jection, and there was no significant change in body weight compared to 
the control group (Fig. S1B). Immunohistochemical staining of brain 
slices from metastatic brain mice revealed the formation of tumor 
masses (Fig. S1C). 

Next, we observed the distribution of microglia in metastatic brain 
lesions of mice. We found that abundant Iba1+ cells (a microglial 
marker) surrounded the tumor cells (HuNu+ cells) (Fig. 1A). The same 
observations were found in images using TMEM119 to label microglia 
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Fig. 1. Microglia were abundantly infiltrated in metastatic brain lesions. A. Immunofluorescent staining of microglia (IBA1+, red) and tumor cells (HuNu+, 
green) in mouse brains with metastases. The numbers of IBA1+ cells were counted in the normal area or brain metastatic area (n = 6 / group). Scale bar, 50 µm. B. 
Representative images of HuNu+ (tumor cells) and TMEM119+(microglia) in the mice brain. Quantification of TMEM119+ cells numbers was shown (n = 4 / 
group). Scale bar, 50 µm. C. Representative immunofluorescence images of Ki67 staining (green) in mouse brain metastatic lesions were shown. HuNu (Blue) marks 
cancer cells, IBA1 (red) marks microglia (n = 6 / group). Scale bar, 50 µm. D. Representative images of immunohistochemical staining for IBA1 Positive cell numbers 
in normal brain lesions and metastatic brain lesions of NSCLC patients were counted (n = 5/ group). Scale bar, 50 µm (left) and 25 µm (right). (**P < 0.01, ****P 
< 0.0001). 
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(Fig. 1B). Moreover, the portion of these microglia showed Ki67 posi
tivity, indicating increased proliferation (Fig. 1C). Furthermore, 
immunochemistry staining of metastatic brain specimens derived from 
NSCLC patients showed that numerous microglia had infiltrated into 
metastatic sites (Fig. 1D). Microglial morphology around the tumor cells 
became more extensive and rounder, with shorter ramifications, 
showing an apparent activation state (Fig. 1A, B). The results indicated 
that we successfully established a mouse brain metastasis model and 
could observe microglial aggregates in the brain metastatic sites in mice 
and NSCLC patients. 

Microglia took up exosomes derived from A549 cells 

Previous studies have suggested that exosomes derived from cancer 
cells are involved in the formation of the TME [25]. To determine the 
effects of NSCLC-derived exosomes on the microglia, we firstly isolated 
exosomes from the culture supernatant of A549 cells via ultracentrifu
gation. Then, transmission electron microscopy and nanoparticle 
tracking analysis revealed that the exosomes were typical rounded 
particles 30–150 nm in diameter (Fig. 2A, B). Furthermore, western blot 

analysis of protein extracted from exosomes demonstrated that exo
somes were positive for ALIX and TSG101 (Fig. 2C). Next, to prove that 
exosomes derived from A549 cells could enter microglia, the exosomes 
were labeled with PKH67 and incubated with HMC3 cells at 37 ◦C for 12 
h. Confocal imaging confirmed the uptake of PKH67-labeled exosomes 
by microglia (Fig. 2D). 

Exosomes derived from A549 cells induced morphological changes in 
microglia and increased microglial proliferation 

To define the exact role of exosomes derived from NSCLC cells on 
microglia, HMC3 cells were incubated with a medium containing A549- 
derived exosomes. First, we stained the microglia with phalloidin 
(staining cytoskeletal protein) to observe the alteration in microglia 
morphology, which became rounder and larger and had more branches 
(Fig. 3A). Furthermore, our results demonstrated that A549-derived 
exosomes significantly increased microglial proliferation at 6 h but not 
at 12 h or beyond (Fig. 3B). However, migration assay showed that the 
exosomes did not affect the microglial migration (Fig. 3C). Next, to 
elucidate the effect of A549-derived exosomes on the activation of 

Fig. 2. Microglia took up exosomes derived from A549 cells. A. Electron microscopy images of exosomes isolated from the medium of A549 cells. Scale bar, 500 
nm (left) and 100 nm (right). B. Size distribution of exosomes was analyzed by nanoparticle tracking analysis. Most particles are in the range of 30–150 nm. C. 
Western blot analysis for exosomal markers ALIX and TSG101. GAPDH was used as a control for protein concentration. D. Representative images show the inter
nalization of PKH67-labeled A549-derived exosomes (green) by microglia. Scale bar, 40 µm. 
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microglia, western blot analysis, and qRT-PCR were used to quantify the 
conventional markers of microglial activation, including pro- 
inflammatory markers (CD16, CD80) and anti-inflammatory markers 
(Arg1, MRC1). Still, there were no significant changes in the expression 
of these inflammatory markers (Fig. 3D, E). 

A549-derived exosomes increased microglial phagocytic activity and 
cytokine expression 

Because recent studies have demonstrated that microglia alter their 
phagocytosis and increase the release of some inflammatory factors, 
such as IL-10, insulin-like growth factor (IGF)-1, CCL20, and 

Fig. 3. Exosomes derived from A549 cells induced morphological changes in microglia and increased microglial proliferation. A. Representative immu
nofluorescence images showed the morphological changes incubated with exosomes for 24 h. Microglia cytoskeletons are labeled with phalloidin (green), and nuclei 
are labeled with DAPI (blue). Quantitative results for the numbers of branches per cell were showed (n = 7). Scale bar, 50 µm. B. The proliferation of microglia cells 
incubated with tumor-derived exosomes (20 ng/mL) was detected by CCK-8 assay at 6, 12, and 24 h, and statistical analysis was performed (n = 4). C. Wound healing 
of HMC3 was used to examine microglial mobility incubated with exosomes. Images were taken 0, 6, 12, and 24 h after wound scratching. The migration area was 
quantified (n = 4). Scale bar, 400 µm. D, E. The effect of A549-derived exosomes on the activation of microglia was analyzed by western blot analysis (D) and qPCR. 
Histogram shows relative protein expressions of CD16, CD80, Arg1, and Mrc1 normalized to the PBS-treated group (n = 3) (*P < 0.05, **P < 0.01). 
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transforming growth factor (TGF)-β, to contribute to the formation of 
the TME [7,26], we next investigated the effect of exosomes on micro
glia phagocytosis and the secretion of inflammatory cytokines. The re
sults indicated that uptake of A549 exosomes led to an increase in the 
phagocytic ability of HMC3 cells relative to the untreated control group. 
We observed a significant increase at 48 h for HMC3 cells incubated with 
the exosomes (Fig. 4A, B). Then, we collected the supernatants of 
microglia to detect the expression levels of 36 human cytokines using 
human cytokine array kits and found that HMC3 cells incubated with 
A549 exosomes showed enhanced release of IL-6, IL-8, and CXCL1 
(Fig. 4C, D). Individual cytokine concentration testing of IL-6, IL-8, and 

CXCL1 using ELISA kits confirmed these results (Fig. 4E). Collectively, 
these observations demonstrated that A549 exosomes could increase 
microglial phagocytosis and secretions of IL-6, IL-8, and CXCL1. 

MiR-1246 was highly expressed in exosomes derived from NSCLC cells 

Recent studies have demonstrated that exosomes contain a variety of 
biologically active molecules, including proteins, RNA, DNA, and miR
NAs—the most abundant type of RNA content in exosomes—have an 
essential role in intercellular communications [27,28]. Therefore, we 
conducted miRNA sequencing analysis on A549 exosomes and identified 

Fig. 4. A549-derived exosomes increased microglial phagocytic activity and cytokine expression. A, B. Phagocytosis of red fluorescent microspheres in HMC3 
cells treated with PBS or exosomes for 24 and 48 h was observed. The phagocytic ability of microglia in the exosome-treated group was increased at 48 h. Scale bar, 
100 µm (n = 6). C. Microglia were incubated with exosomes (20 ng/mL) or PBS for 48 h. The expressions of 36 cytokines in the supernatants were assessed by a 
human cytokine array. D. The cytokines with increased expression in the exosome-treated group were further detected by a separate ELISA kit (IL-6, IL-8, CXCL1) (n 
= 5) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
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875 miRNAs encapsulated in the exosomes. The heatmap revealed the 
top 50 miRNAs, among which miR1246 was the most abundant exoso
mal miRNA (Fig. 5A). Next, we confirmed that the expression level of 
miR1246 was indeed much higher than those of the other 12 miRNAs 
with high and stable expression levels in exosomes by using qRT-PCR 
(Fig. 5B). Consequently, we hypothesized that miR1246 plays a 
crucial role in mediating the functions of exosomes on the microglia. 

miR1246 can be transferred to human microglia and promote microglia 
release IL-6, IL-8, and CXCL1 

To test the effect of exosomal miR1246 on the microglia, we trans
fected microglia with miR1246 mimic or inhibitor. qRT-PCR results 
showed that the miR1246 mimic increased the expression level of 
miR1246. In contrast, the expression of miR1246 was significantly lower 
in the miR1246 inhibitor group (Fig. 6A). The proliferation assay 
demonstrated that the mimic or inhibitor had no significant effect on 
microglial proliferation (Fig. 6B). The ELISA results showed that 
miR1246 mimic promoted the secretions of IL-6, IL-8, and CXCL1, 
whereas miR1246 inhibitor had the opposite effect on the release of IL-8 
(Fig. 6C). Consequently, these results suggest that miR1246 mediated 
the effects of exosomes on the microglial secretory functions. 

miR1246 was highly expressed in the plasmatic exosomes of NSCLC 
patients 

The expression levels of miR1246 were also measured in the plas
matic exosomes of NSCLC patients. We firstly isolated serum exosomes 
from 56 NSCL patients and healthy controls using an exosome isolation 
reagent kit. Although the quantitative PCR results showed no significant 
difference between the clinical stages (Fig. 7A), the expression of exo
somal miR1246 was significantly higher in NSCLC patients compared to 
healthy controls, which indicated that miR1246 has potential relevance 
in diagnosing NSCLC (Fig. 7B). 

Discussion 

Brain metastases of peripheral tumors have been regarded as a ter
minal disease stage with a very poor prognosis and few therapeutic 
options [5,6]. Lung cancer is the most common tumor that metastasizes 
to the brain [29]. Therefore, exploring novel mechanisms of brain me
tastases in lung cancer is a vital and complex challenge. In recent years, 
exosomes derived from tumor cells were demonstrated to mediate the 
crosstalk between tumor cells and non-tumor cells in the tumor micro
environment (TME) [23]. In the central nervous system, microglia act as 
innate immune cells and have been reported to be enriched in brain 
tumors and promote tumor progression [18–21,30,31]. In this study, we 
focused on the effects of NSCLC-derived exosomes on microglia. Our 
results showed that microglia aggregated around the brain metastatic 

Fig. 5. MiR-1246 is highly expressed in exosomes derived from NSCLC cells. A. Results of RNA sequencing analysis of exosomal miRNAs from A549 cells are 
presented in the heatmap. B. The expression levels of highly expressed miRNAs in exosomes were examined by qRT-PCR (n = 6). MiR1246 is the most enriched 
miRNA in A549-derived exosomes. 
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sites in mouse models and non-small cell lung cancer (NSCLC) patients’ 
specimens. Microglia around the tumor cells became larger and rounder 
with shorter ramifications, displaying an apparent activation state. 
Meanwhile, microglia took up the exosomes derived from NSCLC cells, 
leading to alterations in microglial morphology and increased prolifer
ation, phagocytosis, and release of inflammatory cytokines, including 
IL-6, IL-8, and CXCL1. Additionally, we identified exosomal miR1246 as 
a critical miRNA able to mediate the effects of exosomes on microglia. 

The fundamental cellular components in the brain tumor environ
ment include neurons, astrocytes, microglia, endothelial cells, pericytes, 
and peripheral immune cells such as macrophages and lymphocytes [32, 
33]. Microglia and macrophages (together called tumor-associated 
macrophages [TAMs]) are the most abundant non-cancerous cell types 
composing up to 30% of the total tumor mass [34]. The historical view is 
that TAMs with a pro-inflammatory phenotype (M1 phenotype) are 
anti-tumorigenic; in contrast, anti-inflammatory (M2 phenotype) TAMs 
have shown tumor-supporting activity [35,36]. Many researchers sug
gested that tumor cells triggered M1-to-M2 conversion of TAMs to 
support tumor progression [19,26,37–39]. However, this view of 
dual-polarization is now regarded as an oversimplification. Polarization 
is a dynamic process, and many studies have instead focused on 

observing the functional diversity of TAMs [8,40,41]. In this study, we 
observed that microglia aggregated around the brain metastases in 
mouse models and NSCLC patients. Moreover, the microglial 
morphology and proliferation were altered by NSCLC-derived exosomes 
in vitro. Interestingly, the conventional inflammatory markers of 
M1–M2 polarization showed no significant changes in microglia incu
bated with NSCLC-derived exosomes. This result further confirmed that 
we should focus on observing the functional diversity of microglia. 

In brain metastases, when macro-metastases are established, 
microglia and macrophages would lose phagocytosis and increase the 
production of specific inflammatory cytokines to play a tumor- 
supportive role [7]. Some studies showed that the functional profiles 
of microglia and macrophages were different. The microglial functional 
profile is rich in chemokines, cytokines, and complement components 
secretions, while macrophage signatures focus on wound healing, anti
gen presentation, and immune suppression [42,43]. Here, we found that 
NSCLC-derived exosomes did not affect microglia migration but did 
increase microglial phagocytic activity and secretions of IL-6, IL-8, and 
CXCL1. These results indicate that the effects of NSCLC-derived exo
somes on microglial functions mainly focus on the phagocytosis and 
production of inflammatory cytokines. Enigmatically, the phagocytic 

Fig. 6. MiR1246 can be transferred to human microglia and promote microglia release of IL-6, IL-8, and CXCL1. A. Microglia were transfected with miR1246, 
NC, miR1246 inhibitor, and inhibitor NC. Levels of miR1246 in microglia were measured using qRT-PCR. The expression of miR1246 was upregulated by miR1246 
mimic and downregulated by miR1246 inhibitor (n = 4). B. Microglia were transfected with miRNA1246, NC, miR1246 inhibitor, or inhibitor NC (100 ng/mL) for 24 
h, and no significant differences were observed in cell viability measured by CCK-8 (n = 4). C. Microglia treatment was the same as described before, and the 
supernatant of 24 h cultures were used to measure the secretions of CXCL1, IL-6, and IL-8 by ELISA kits. MiR1246 induced an increase in the microglial secretion of 
IL-6, IL-8, and CXCL1 (n = 3) (*P < 0.05, **P < 0.01). 
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activity of microglia was upregulated by NSCLC-derived exosomes. This 
result reminds us that microglia might exert an anti-tumor effect, 
especially before establishing macro-metastases. Future studies should 
be designed to dynamically observe microglial functions at different 
metastatic stages. 

Cytokines and chemokines are pivotal regulators in tumor metasta
ses. They can determine the distribution of immune cells, affect stroma 
composition, drive angiogenesis, and directly regulate the growth and 
invasiveness of cancer cells in tumor progression. In brain tumors, 
nicotine skewed the polarity of microglia, thereby increasing the 
secretion of IGF-1 and CCL20, which promoted tumor progression and 
stemness [26]. Breast cancer cells trigger microglia polarization to 
upregulate the expression of immune-suppressive cytokines that could 
suppress T-cell proliferation [44]. Glioma-derived exosomes were 
shown to deliver miRNA to microglia/macrophages, inducing the se
cretions of cytokines such as IL-6, IL-10, and TGF-β1 to form the 
immunosuppressive environment [45]. Our results demonstrated that 
NSCLC-derived exosomes promoted microglia to produce more IL-6, 
IL-8, and CXCL1. A recent study suggests that targeting 
IL-6/JAK2/STAT3 signaling in microglia can reduce brain metastases of 
NSCLC [19]. Indeed, the IL-6 signaling pathway affects several stromal 
cells, including endothelial cells and immune cells, influencing the BBB 
permeability, angiogenesis, and immune-suppressive response to pro
mote tumor proliferation and metastases [46,47]. Besides, IL-6 also 
plays an essential role in the epithelial-mesenchymal transition, inva
sion, and metastatic colonization of cancer cells [48,49]. Similarly, IL-8 
has been described to have dual pro-tumorigenic roles, including regu
lating non-cancerous cells in the TME and directly influencing tumor 
cells [50]. IL-8 increases angiogenesis and preferentially recruits 
pro-tumorigenic immune cells, such as myeloid-derived suppressive 
cells (MDSCs), to suppress the anti-tumor efficacy of cytotoxic T-cells 
[51]. Moreover, some studies reported the polarization of TAMs further 
secreted IL-8, enhancing tumor motility and promoting tumor 
epithelial-mesenchymal transition [52,53]. As a member of the CXC 
class of chemokines, CXCL1 secreted by TAMs can recruit 
CXCR2-positive (CXCL1 receptor) MDSCs to establish a pre-metastatic 
niche and also play a role in increasing angiogenesis to promote 
tumor metastases [54]. Therefore, the NSCLC-derived exosomes induce 
microglia to release more IL-6, IL-8, and CXCL1 in favor of creating an 
adequate blood supply and immune-suppressive environment. Studies 
targeting cytokine and chemokine signaling pathways may play a 
crucial role in developing future clinical tumor therapies. 

Exosomes (small vesicles containing nucleic acids and proteins) are 
emerging as essential components in TME formation that act by trans
ferring their cargos to specific recipient cells [25,55]. Various studies 
indicated that exosomal miRNAs contribute to tumor proliferation, 
metastases, and chemoresistance in tumors [56]. In this study, we 
analyzed the profiles of miRNAs in A549 exosomes and found the most 
enriched miRNA was miR1246. Notably, miR1246 has been reported to 
be rich in various tumors, including pancreatic cancer, colorectal can
cer, ovarian cancer, and glioblastoma (GBM). Moreover, some studies 
suggested that miR1246 could cause activation of STAT3 and increase 
the expressions of inflammatory cytokines in tumor cells and noncan
cerous cells [45,57–59]. For example, miR1246 in tumor extracellular 
vesicles caused IL-6 induction by Androgen receptor (AR) down
regulation in tumor endothelial cells and activated STAT3 [58]. Hypoxic 
GBM-derived exosomal miR1246 can induce TAM polarization, facili
tating the formation of the immunosuppressive microenvironment by 
targeting TERF2IP to regulate nuclear factor κB and STAT3 signaling 
and increase the expression of IL-10, IL-1RA, TGFB1, and CCL2 [45]. 
Our results showed that miR1246 enriched in NSCLC-derived exosomes 
promoted microglia to secrete IL-6, IL-8, and CXCL1. According to the 
previous studies, we speculate the possible mechanism is that miR1246 
targets certain genes such as AR and TERF2IP to reprogram microglia 
and STAT3 activation is involved. The possible mechanism is that 
miR1246 targets certain genes such as AR and TERF2IP and STAT3 
activation is involved. Furthermore, we found that the expression level 
of miR1246 was upregulated in the serum exosomes of NSCLC patients. 
All these results imply that miR1246 may be an essential player in the 
exosome-mediated functional changes of TAMs and could be a potential 
plasmatic marker for NSCLC diagnosis. 

Nevertheless, our study has some limitations. Although the expres
sion level of exosomal miR1246 was higher in NSCLC patients, there was 
no significant difference among different clinical stages. Future studies 
should include more patients at different clinical stages to confirm our 
results. Furthermore, our subsequent studies will investigate the exact 
functional changes in microglia in vivo and in vitro. Of course, the 
functions of other NSCLC-derived exosomal miRNAs on microglia 
should also be explored. 

Conclusions 

In summary, we demonstrated that NSCLC-derived exosomes could 
alter microglial morphology, increasing proliferation, phagocytosis, and 

Fig. 7. MiR1246 is highly expressed in the plasmatic exosomes of NSCLC patients. A. The differences in expression levels of miR1246 in different NSCLC clinical 
stages were detected, and there were no significant differences among the different stages. B. The expression levels of miR1246 were increased in the plasmatic 
exosomes of NSCLC patients (n = 39) compared to in the control group (n = 25) (****P < 0.0001). 
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the release of inflammatory cytokines, including IL-6, IL-8, and CXCL1. 
MiR1246 is a critical miRNA and plays a vital role in mediating the ef
fects of exosomes on microglia. More importantly, our findings show 
that miR1246 in serum exosomes might be a potential plasmatic marker 
of NSCLC prognosis. The present results offer new insights into the ef
fects of NSCLC-derived exosomes on microglia and provide a new po
tential biomarker for diagnosing NSCLC. 
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