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Abstract
Background Since the lung is one of the most common sites for cancer metastasis, it could provide a suitable microenvi-
ronment for pre-metastatic niche (PMN) formation to facilitate tumor cell colonization. Regulatory T cells (Tregs) are an 
immunosuppressive cell type found ubiquitously in tumors and may play a crucial role in PNM formation. In this study, 
we investigated tumor-derived exosome (TDE)-induced Treg differentiation in the lung PMN as well as the underlying 
mechanisms.
Methods TDEs were isolated from the Lewis lung carcinoma cell line (LLC-exo) and their effects on mouse pulmonary 
fibroblasts was investigated in vitro as well as on lung tumor formation and metastasis in a pre-injected mouse model. 
Immune cell populations in the lung were analyzed by flow cytometry. Expression of CCL1 and CCR8 was evaluated by 
immunofluorescence staining, qRT-PCR and Western blot analyses. Cytokine expression was measured using mouse cytokine 
arrays and ELISA.
Results The number of  CD4+  FoxP3+ Tregs was significantly increased in lungs in a LLC-exo pre-injected mouse model. 
Lung fibroblasts secreted increased amounts of CCL1 after co-culture with LLC-exo, which induced Treg differentiation 
by activating its specific receptor CCR8, ultimately contributing to the establishment of an immunologically tolerant PMN. 
Moreover, inhibiting the release of LLC-exo by GW4869, or blocking the CCL1-CCR8 axis using AZ084, suppressed Tregs 
differentiation and tumor metastasis in the lung.
Conclusions Collectively, our study provides a novel mechanism by which Tregs are activated to form an immunologically 
tolerant PMN and demonstrates a critical link among lung fibroblasts, Tregs and metastatic tumor cells.
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Abbreviations
CAF  Cancer-associated fibroblasts
DMED  Dulbecco’s Modified Eagle’s Medium
ECM  Extracellular matrix
EV  Extracellular vesicles
FBS  Fetal bovine serum
HE  Hematoxylin and eosin
LLC-exo  Lewis lung carcinoma exosome
MDSCs  Myeloid-derived suppressor cells
MPF  Mouse pulmonary fibroblasts
PMN  Pre-metastatic niche
RBC  Red blood cells
TDE  Tumor cell-derived exosomes
TME  Tumor microenvironment
Tregs  Regulatory T cells

Introduction

Tumor metastases are responsible for more than 90% of 
cancer-associated deaths [1, 2]. According to the proposed 
“seed and soil” hypothesis for tumor metastasis, the meta-
static site provides a favorable microenvironment for immu-
nosuppression, inflammation, and angiogenesis, that sup-
ports circulating tumor cell engraftment and growth [3–5]. 
This microenvironment established prior to tumor metastasis 
is also referred as the pre-metastatic niche (PMN) [6, 7]. 
The lung is one of the most common sites of cancer metas-
tasis, occurring in more than half of metastatic solid cancer 
patients. Therefore, understanding the mechanism of PMN 
formation in the lung is a topic of great clinical importance, 
which will also provide insights into the development of 
novel therapeutic approaches to inhibit tumor metastasis to 
the lung.

Formation of the PMN is believed to be influenced by the 
primary cancer cells even before the initiation of metastasis 
[8, 9]. The PMN develops via a multistep process including 
vascular leakage, extracellular matrix (ECM) remodeling 
and immunosuppressive ambience [7, 10]. The immunosup-
pressive microenvironment protects tumor cells from host 
immune attack at the metastatic sites, which is a key step in 
tumor cell metastasis. Regulatory T cells (Tregs) are one of 
the most notable immunosuppressive immune cells within 
the PMN [11]. Tregs play an important role in regulation of 
immune homeostasis and self-tolerance, which also attenu-
ate anti-tumor immunity and promote tumor metastasis [12, 
13]. Tregs have been reported to facilitate breast cancer cell 
lung metastasis by killing natural killer cells through expres-
sion of β-galactosidase-binding protein, which neutralizes 
their ability to eliminate tumor cells [14]. However, the 
mechanism by which Tregs are polarized and accumulate in 
the PMN remains to be elucidated.

According to one of the proposed mechanisms, PMN 
formation is achieved by secretory factors and extracellular 
vesicles (EV) derived from tumor cells [8, 15]. Exosomes, 
which are the most intensively studied subtype of EV, 
transfer invasion-promoting factors to metastatic sites and 
contribute to the establishment of the PMN [10, 16]. For 
instance, pancreatic tumor cell-derived exosomes (TDEs) 
assist tumor cell metastasis by activating stromal fibroblasts 
and establishing a pre-metastatic tumor microenvironment 
(TME) [17, 18]. Lung TDEs upregulate macrophages PD-L1 
expression and promote lung PMN formation to facilitate 
tumor cell metastatic colonization to lung [19]. Moreover, 
exosome-derived factors activate epidermal growth factor 
receptor signaling to support tumor cell invasion, induce 
angiogenesis and provide nutrients for metastatic tumor cell 
growth [20, 21]. In addition, TDEs have been reported to 
impede anti-tumor immune responses by transferring their 
immunosuppressive cargo or mediating myeloid-derived 
suppressor cell (MDSCs) differentiation [22, 23]. TDE-
mediated Treg accumulation in the tumor stroma has been 
reported in cancers including lung cancer and breast cancer. 
Nevertheless, whether TDEs play a role in the induction of 
Treg differentiation and accumulation in the PMN is still 
unclear.

In our previous study, we demonstrated that most 
exosomes derived from lung tumor cells are taken up by 
lung fibroblasts and induce pro-inflammatory cytokine gene 
expression [24]. These findings further prompt us to explore 
the effect of the increased cytokines in the lung on the num-
ber of Tregs in TDE pre-treated mouse lung as well as the 
circulating tumor cell lung colonization. In this study, we 
investigated the effects of TDE-educated fibroblasts on Treg 
differentiation and formation of the immunologically toler-
ant PMN in the lungs.

Methods

Cell lines and cell culture

The Lewis lung carcinoma cell line (LLC) was provided 
by Professor Li Yan from the Academy of Military Medi-
cal Sciences (China, Beijing). Dulbecco's Modified Eagle’s 
Medium (DMEM, HyClone, Marlborough, MA, USA) sup-
plemented with additional 10% of Hyclone fetal bovine 
serum (FBS, Gibco, Waltham, MA, USA) and 1% peni-
cillin–streptomycin solution (Hyclone) were used for cell 
culture. All cells were maintained at 37 °C in a humidified 
incubator under 5%  CO2.
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Animals

Female C57BL/6 J mice (aged 6–8 weeks) were purchased 
from the Vital River Laboratory Animal Technology Com-
pany (Beijing, China). All mice were housed in individually 
ventilated cages on racks in a specific pathogen-free facil-
ity with controlled temperature (20–25 °C) and humidity 
(40–60%).

Primary lung fibroblast isolation

Primary lung fibroblasts were isolated from 7-day-old 
C57BL/6 J mice. Briefly, the dissected lungs were washed 
with sterile phosphate-buffered saline (PBS; Hyclone), then 
cut into small pieces (approximately 1  mm3) and washed 
again with PBS. Subsequently, the tissue was resuspended in 
2 ml complete DMEM and incubated in a 10 cm tissue cul-
ture dish overnight. After adding another 10 ml medium and 
removing the unattached pieces, the remaining lung frag-
ments were cultured in complete DMEM, with the medium 
changed every 2 days to allow the fibroblasts to exit the tis-
sue and attach to the plate. After the fibroblasts reached 90% 
confluence, an aliquot of cells was frozen for subsequent 
experiments.

Splenic T cell isolation and co‑culture experiment

Splenic T cells were isolated from female C57BL/6 J mice. 
The spleen was washed with sterile PBS and then transferred 
to a 6 cm tissue culture dish. A single cell suspension was 
prepared from the spleen by injecting 5 ml PBS, followed by 
dissection and passing through a 70-μm filter (BD Biosci-
ence, FL, USA). The red blood cells (RBC) were removed 
using RBC lysis buffer (Solarbio, Beijing, China). After 
washing with PBS, the pellet was resuspended, and 1*105 
cells were seeded in 6-well culture plates (Corning, NY, 
USA). After 60 min, the unattached T cells were collected 
for co-culture experiments. The LLC-exo treated mouse pul-
monary fibroblast culture medium (LLC-exo MPF CM) was 
collected, filtered with 0.22 μm filter (BD Bioscience), and 
then added to freshly isolated splenic T cells every day, with/
without the CCL1-CCR8 blocker ZK756326 (Selleckchem, 
S8324) or the CCR8 inhibitor AZ084 (MCE, HY-119217). 
The percentage of Tregs was examined after 4 days.

TDEs isolation and identification

LLC-exo were isolated by ultracentrifugation. At 90% con-
fluence, LLC cells were washed with PBS and incubated 
with FBS-free medium for 24 h. The LLC supernatant was 
collected and centrifuged at 200 × g for 10 min and then 
20,000 × g for 20 min, to remove the dead cells and cell 
debris. LLC-exo were then obtained by ultracentrifugation at 

100,000 × g for 70 min. The mixed protein components were 
washed with PBS and purified LLC-exo were obtained after 
repeating the ultracentrifugation at 100,000 × g for 70 min. 
Purified LLC exosomes were identified by transmission 
electron microscopy (HT7800, HITACHI) and Western blot 
analysis of expression of the surface marker CD63. The size 
distribution of LLC-exo was determined by Malvern Zeta-
sizer instrument (Version 7.04).

TDEs tracing experiment

To track the LLC-exo uptake in vivo, we stained LLC-exo 
(10 μg in 100 ul PBS) with Cy5.5 (0.3 μM, Fanbo Biochemi-
cals, #1056) for 30 min at 37 °C. Following, the labeled 
LLC-exo were intravenously injected into C57BL/6 J mice 
for 12 h. Then the organs including lung, brain, spleen 
and liver were harvested and digested with collagenase D 
(1 mg/ml, Sigma-Aldrich, COLLD-RO) for 30 min at 37 °C. 
The single cell suspension was stained with Cd11b (FITC, 
BD Bioscience, 553,310, 1:100) and a-SMA (1:100, CST, 
19245 s). The proportion Cy5.5+ cells in each organ were 
detected by flow cytometry (BD FACSCanto).

RNA extraction and qRT‑PCR

Total RNA was extracted from LLC-exo stimulated fibro-
blasts using TRIzol® reagent (TaKaRa, Shiga, Japan), and 
cDNA was prepared by reverse transcription with SYBR 
Green PCR Master Mix (RR036A; Takara, Tokyo, Japan) 
according to the manufacturer’s instructions. qRT-PCR 
analysis of Ccl1 expression was performed using specific 
primers (F: TGC CGT GTG GAT ACA GGA TG; R: GTT GAG 
GCG CAG CTT TCT CTA) on the StepOnePlus detection sys-
tem (Thermofisher). The relative expression level of Ccl1 
was calculated by the  2−ΔΔCt method. Relative expression 
of Ccl1 was normalized with Gapdh (F: TCT CTG CTC CTC 
CCT GTT CC; R: TAC GGC CAA ATC CGT TCA CA). Each 
experiment was repeated three times.

Flow cytometric analysis

To analyze the immune cell population after LLC-exo 
injection, the lungs were dissected, cut into small pieces 
(approximately 1  mm3), followed with incubation with 1 mg/
ml collagenase D at 37 °C for 30 min. The tissue fragments 
were then filtered through a stainless-steel cell strainer (200-
μm mesh) (Solarbio). The RBCs were removed using RBC 
lysis buffer and the single cell suspension was stained with 
fluorochrome-conjugated antibodies for the detection of the 
following: CD45-Alexa Fluor700 (BioLegend, 104,115, 
1:100) B220-APC (BD Bioscience, 553,092, 1:100), CD4-
APC/Cy7 (BioLegend, 100,414, 1:100), Ly6G/C-PE (BD 
Bioscience, 553,128, 1:100), and FOXP3-FITC (BioLegend, 
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126,406, 1:100). After washing with 1% BSA, the cells 
were analyzed by flow cytometry (BD FACSCanto, Frank-
lin Lakes, NJ, USA), and data were analyzed by FlowJo X 
(Tree Star, Ashland, OR, USA) software.

Immunofluorescence staining

For immune cell staining, frozen lung Sects. (6 μm) were 
stained with the following anti-mouse antibodies: Ly6G/C-
PE (BD Bioscience, 553,128, 1:100), B220 (CST, 34399 s, 
1:200), CD4 (Abcam, ab183685, 1:200) and FOXP3 (CST, 
12653 s, 1:100). To detect CCL1 and CCR8 expression in 
the lung or fibroblasts, lung sections were stained overnight 
at 4 °C with the following primary antibodies: CCL1 (RD 
system, MAB8451-SP, 1:300), CCR8 (ABclonal, A4288, 
1:200) and α-SMA (Abcam, ab5694, 1:200). Sections 
were then stained for 1 h at 4 °C with the AlexaFluor 488 
(Thermo, A21206, 1:1,000) or AlexaFluor 555 (Thermo, 
A21434, 1:1,000)-conjugated secondary antibody. The 
nuclei were stained with DAPI (AR1176, Boster, Pleasan-
ton, CA, USA). The sections were visualized with a laser 
scanning immunofluorescence microscope (Vectra 3.0, 
PerkinElmer).

Western blot analysis

Lung fibroblasts or LLC exosomes were lysed with RIPA 
lysate buffer (Sigma) and protein concentrations were deter-
mined using the bicinchoninic acid (BCA) protein assay 
(Thermo Fisher Scientific). Total proteins (30 μg) were sepa-
rated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis and transferred to PVDF membranes (0.45 μm, 
Sigma, 3,010,040,001). The membrane was blocked with 
5% nonfat dried milk for 1 h and then incubated overnight 
at 4 °C with primary antibodies for detection of the follow-
ing: CCR8 (ABclonal, A4288, 1:300), CD63 (Santa Cruz, 

1:500, sc-5275) and β-actin (Abcam, 1:1,000, ab8227). The 
membrane was then incubated for 1 h at room temperature 
with horseradish peroxidase-conjugated secondary antibody 
(Proteintech, Rosemont, IL, USA, 1:2000, SA00001-9). Pro-
tein bands were visualized using an enhanced chemilumi-
nescence kit (Thermo Fisher Scientific, USA) and quantified 
by densitometry using the ChemiDoc MP imaging system 
(BIO-RAD, USA).

Mouse cytokine arrays

Lung fibroblasts were stimulated with LLC-exo for 24 h. 
After washing with PBS, the cells were then cultured in 
serum-free medium. After 24 h, the culture supernatant 
was collected and filtered (0.22 μm; Merck Millipore) prior 
to incubation for 2 h at room temperature with the Mouse 
Cytokine Array (ARY006, RD, CA, USA). The array was 
then incubated with streptavidin–horseradish peroxidase sec-
ondary antibody (RD, 893,019, 1:1000) followed by chemi-
luminescent detection (ARY006 contained).

ELISA

To confirm LLC-exo induced lung fibroblasts CCL1 pro-
tein concentration. A specific mouse CCL1 ELISA kit (RD, 
DY845) was used to measure the concentration of LLC-exo 
stimulated (24 h) fibroblasts supernatant, according to the 
manufacturer’s instructions.

Animal experiments

To explore the effect of LLC-exo on Treg accumulation as 
well as LLC cell colonization of lungs, C57BL/6 J mice 
were injected via the tail vein with LLC-exo combined with 
either CCL1-CCR8 blocker ZK756326 (10 mg/kg) or CCR8 
antagonist AZ084 (5 mg/kg) every third day followed by 
5 ×  105 LLC cells via the same route. After 21 days, the LLC 
cell colonization of the lung was detected by hematoxylin 
and eosin (HE) staining and the immune cell populations 
were analyzed by flow cytometry. To investigate the influ-
ence of primary LLC-exo on colonization of the lungs by 
circulating tumor cells, we established a subcutaneous LLC 
tumor model following treatment with GW4869 (MedChem-
Express, HY-19363, 10 mg/kg) and AZ084. On day 15, the 
primary tumors were surgically removed and mice were 
injected 5 ×  105 LLC cells via the tail vein. The metastatic 
lung colonization was evaluated at day 36.

Statistical analysis

All statistical analysis was performed using GraphPad 
Prism 8 software. In vitro experiments were conducted at 
least three times and data were displayed as mean ± SD. 

Fig. 1  LLC-exo promote the accumulation of Tregs in mouse lung. A 
LLC-exo were isolated and observed by transmission electron micros-
copy; scale bar, 500 nm. B Expression of the LLC-exo surface marker 
CD63 was detected by Western blot analysis; C The size distribu-
tion of LLC-exo was analyzed by Malvern Zetasizer instrument. D 
The percentage of cy5.5+ cells in total number of lung, liver, spleen 
and brain cells were determined by flow cytometry. E Flow cyto-
metric analysis examined the uptake of cy5.5-labelled LLC-exo in 
 CD11b+ macrophages or a-SMA+ fibroblasts. F Schematic diagram 
of LLC-exo injection experiments; mice were injected with LLC-
exo (10  μg in 100  μl PBS) or an equal volume of PBS every three 
days via the tail vein. The mice were then sacrificed and the lungs 
were isolated. G–J Flow cytometry analyzed the immune cell popu-
lations  (CD45+CD11b+Ly6G/C+ MDSCs,  CD45+B220+ B cells, 
 CD4+/CD8+ T cells and  CD25+Foxp3+ Tregs) in lungs (n = 5). K–N 
Evaluation of the number of immune cells in lung based on immu-
nofluorescence staining of specific markers (Ly6G, CD19, CD4 and 
FoxP3); scale bar, 100 μm. Data represent the mean ± SD. **P < 0.01 
(Student’s t-test)

◂
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Statistical significance was evaluated using Student’s t-test 
or one-way ANOVA. P < 0.05 was set as the threshold for 
statistical significance.

Results

LLC‑exo increase  Foxp3+ Treg accumulation 
in the lungs

In our previous study, we observed that LLC-exo promoted 
the cytokine genes expression in lung fibroblasts [24]. In the 
present study, we further investigated the role of fibroblasts-
derived cytokines on the accumulation of immune cells in 
the lungs. To accomplish this, the isolated LLC-exo were 
verified by transmission electron microscopy showing the 
typical cup-shaped morphology (Fig. 1A) and the expres-
sion of the surface marker CD63 (Fig. 1B) as well as the 
30–100 μm size distribution (Fig. 1C). It has been proved 
that exosomes can home to tissues form their parent cell line 
of origan [16]. Our exosome tracking experiments confirmed 
that majority of LLC-exo were up taken by lung cells, par-
ticularly a-SMA+ fibroblasts (Fig. 1D, E). Next, we investi-
gated the immune cell populations in the lungs of mice fol-
lowing three intravascular injections of LLC-exo (Fig. 1F). 
The numbers of MDSCs  (CD11b+ly6G/C+), B cells  (B220+) 
and T cells  (CD4+ and  CD8+) (Fig. 1G–J) in the LLC-exo 
injection group were comparable with those in the sham 
control group. Interestingly, the immunosuppressive Treg 
 (CD4+  Foxp3+) population increased two-fold in the lungs 
of mice pre-injected with LLC-exo (J). These immune cell 
populations were further verified by fluorescence micros-
copy analysis (Fig. 1K–N). These data suggested that the 
exogenously administered LLC-exo promoted Treg accumu-
lation in the lung.

LLC‑exo upregulate CCL1 secretion by lung 
fibroblasts

We next investigated which factor in LLC-exo stimulated 
fibroblasts has the potential to induce the accumulation of 
 Foxp3+ Tregs in the lung. Using a mouse cytokine array 
kit, we showed that LLC-exo treated lung fibroblasts secrete 
several chemokines including CXCL1, CCL5 and CCL1. 
Among the altered cytokines, CCL1 was the most signifi-
cantly upregulated factors at both the protein and mRNA 
levels (Fig. 2A–C). Moreover, we also detected the increased 
co-localization of CCL1 with α-SMA+ fibroblasts in LLC-
exo pre-injected mouse lungs. These data indicated that 
the LLC-exo promote CCL1 expression in lung fibroblasts 
(Fig. 2D).

CCL1 derived from LLC‑exo stimulated fibroblasts 
plays a key role in inducing Treg differentiation

Having shown that LLC-exo promote CCL1 production by 
lung fibroblasts, we next investigated the ability of CCL1 
produced by LLC-exo treated lung fibroblasts to promote 
Treg differentiation in vitro. For this purpose, we treated 
splenic T cells with LLC-exo stimulated mouse pulmonary 
fibroblast culture medium (LLC-exo MPF CM group) for 
4 days. Intriguingly, the proportion of Tregs in  CD4+ T cells 
in the LLC-exo MPF CM group was approximately two-
fold greater than that in the control group. CCL1 has been 
reported to induce Treg differentiation via its receptor CCR8 
[25]. Therefore, we used ZK756326 to inhibit the binding 
of CCL1 to CCR8 in order to verify the role of fibroblast-
derived CCL1 plays in inducing Treg differentiation. As 
expected, ZK756326 treatment suppressed the induction 
of Treg differentiation by LLC-exo MPF CM (Fig. 3B, C). 
Similarly, the increased proportion of  CD4+FoxP3+ Tregs in 
LLC-exo pre-treated lung in vivo was reversed by additional 
ZK756326 treatment (Fig. 3D–G). Taken together, our find-
ings demonstrated that CCL1 derived from LLC-exo treated 
fibroblasts plays a key role in inducing Treg differentiation 
both in vitro and in vivo.

Blockade of CCR8 inhibits Treg differentiation 
in vitro and in vivo

We next investigated the role of the CCL1-CCR8 axis in 
Treg differentiation in the lung. First, we observed that 
the CCR8 expression by splenic T cells was significantly 
upregulated after in vitro culture with LLC-exo MPF CM 
(Fig.  4A). Similarly, the co-localization of CCR8 with 
 Foxp3+ was also increased in the lungs of LLC-exo pre-
treated mice (Fig.  4B). We then used AZ084, a CCR8 
antagonist, to further confirm the important role of the 
CCL1-CCR8 interplay in Treg differentiation. AZ084 treat-
ment reversed the increased proportion of Tregs among the 
 CD4+ T cells co-cultured in vitro with LLC-exo MPF CM 
(Fig. 4C–E). Similarly, CCR8 expression T cells cultured 
in vitro with by LLC-exo MPF CM was reduced in the pres-
ence of AZ084 (Fig. 4F). Moreover, the total numbers of 
Tregs and  CCR8+ Tregs in the lungs of LLC-exo pre-treated 
mice was reduced when combined with AZ084 treatment 
(Fig. 4G, H). Collectively, these data indicated that the inter-
play between CCR8 on T cells and its ligand CCL1 derived 
from fibroblasts plays a critical role in Treg differentiation.

Targeting CCR8 suppresses lung colonization 
by circulating LLC cells

We next explored the possibility that targeting the CCL1-
CCR8 mediated fibroblast-Treg crosstalk could restrain 
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PMN formation and circulating tumor cell colonization 
of the lung. For this purpose, mice were injected LLC-exo 
with/without AZ084 via the tail vein every third day (total 
of three doses) and scarified on day 9 (Fig. 5A). AZ084 
treatment reduced the number of  CD4+Foxp3+ Tregs in the 
lungs of LLC-exo pre-injected mice (Fig. 5B, C). Following 
combined treatment with LLC-exo and AZ084, we injected 
LLC cells into mice via the tail vein to explore the engraft-
ment potential of circulating tumor cells in the lung after 
21 days (Fig. 5D). Of note, LLC-exo pre-injection remark-
ably increased the numbers and total area of lung metastatic 
nodules, while AZ084 treatment inhibited the LLC-exo-
induced LLC cell seeding in lung (Fig. 5E, F). Moreover, 
AZ084 treatment also significantly reduced Treg accumu-
lation in LLC-exo stimulated mouse lungs (Fig. 5G, H). 
However, there were no significant differences between the 
control, LLC-exo pre-treatment and combined LLC-exo and 

AZ084 groups in terms of the number of B cells, MDSCs 
and T cells detected in the lungs. These data suggested that 
CCL1-CCR8 inhibition restrains the formation of the immu-
nologically tolerant PMN and tumor cells metastasis in lung 
by downregulating Treg differentiation.

Inhibition of LLC‑exo release suppresses PMN 
formation and LLC metastasis

Having shown that CCR8 blockade reduces Treg differentia-
tion and accumulation in the lung and also hampers colo-
nization of the lungs by circulating LLC cells, we further 
investigated the effect of blocking exosome secretion from 
primary tumor cells on circulating tumor cell metastasis to 
the lung. To accomplish this, we used an established mouse 
subcutaneous LLC tumor model and the exosome secre-
tion inhibitor GW4869 as shown in Fig. 6A. To avoid the 

A

D

B

C

CCL1α-SMA Merge

PB
S

LL
C
-e
xo

PB
S

LL
C-
ex
o

0

10

20

30

40

50

CC
L1

(p
g/
m
l)

**

PB
S

LL
C-
ex
o

0.0

0.5

1.0

1.5

2.0

2.5

Re
lat

ive
Cc

l1
ex

pr
es

se
ion

**
LLC-exo

A
B
C
D
E
F

A
B
C
D
E
F

1 2 3 4 5 6 7 8 910 2019 2221 2423

1 2 3 4 5 6 7 8 910 2019 2221 2423

CCL1

IP-10 CXCL1

M-CSF

TIMP-1TNF-α

CCL2 CXCL2 CCL5 CXCL12

PBS

pi
xe

l d
en

si
ty

CCL1
IP-10

M-C
SF

CCL2

CXCL2
CCL5

CXCL1
2

TIM
P-1

TNF-a

CXCL1
0

1200000

600000

900000

300000

Zoom

100μm

Fig. 2  LLC-exo upregulate CCL1 secretion by lung fibroblasts. A 
Lung fibroblasts were stimulated for 24  h with either LLC-exo or 
PBS and inflammatory cytokines in the culture supernatant were 
detected using mouse cytokine microarrays. B CCL1 protein concen-
trations in LLC-exo stimulated fibroblasts were analyzed by mouse 

CCL1 ELISA. C Ccl1 mRNA levels in LLC-exo treated lung fibro-
blasts were detected by qRT-PCR. D CCL1 expression in LLC-exo 
pre-treated lungs and co-localization with α-SMA+ lung fibroblasts 
were determined by immunofluorescence staining; scale bar, 100 μm. 
Data represent the mean ± SD (n = 5). **P < 0.01 (Student’s t-test)



2724 Cancer Immunology, Immunotherapy (2022) 71:2717–2730

1 3

interference of continuously secreted exosomes in the late 
stage of tumor progression, the primary tumor was removed 
at day 15. Interestingly, there were no significant differences 
in the volume and growth rate of subcutaneous tumors 
between the groups treated with GW4869 and AZ084 alone 
or in combination treatment group and the PBS control 
group (Fig. 6B, C). However, the number and the area of 
metastatic nodules generated in the lungs from circulating 
LLC cells were significantly reduced in both the GW4869 
and AZ084 treatment groups. Moreover, the combination 
of AZ084 and GW4869 further inhibited colonization of 
the lungs by circulating tumor cells (Fig. 6D–F). Taken 
together, our findings revealed that primary lung tumor cells 
contribute to establishment of the PMN to facilitate lung 
engraftment by circulating tumor cells through transport of 
exosomes to lung fibroblasts. The mechanism underlying 
this process involves crosstalk between the lung fibroblasts 

and Tregs cells via the CCL1-CCR8 axis, thus creating an 
immunosuppressive microenvironment that promotes tumor 
progression.

Discussion

The function of Tregs in promoting tumor progression 
has been widely investigated in both animal models and 
clinical trials [12, 13]. It has been reported that suppress-
ing Treg infiltration or polarization in the TME increases 
tumor immune responses [26]; however, the accumulation of 
Tregs in the PMN before tumor cell metastasis has not been 
systemically explored. In this study, we demonstrated that 
TDEs play a key role in inducing Treg infiltration into the 
lung PMN by upregulating fibroblast-derived CCL1 produc-
tion. Furthermore, inhibiting the release of lung tumor cells 
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exosomes or blocking the CCL1-CCR8 axis suppressed Treg 
accumulation, and ultimately suppressed circulating tumor 
cell colonization of the lung.

The anatomical and cellular features of the lung critically 
underly its ability to receive most circulating tumor cells 
[27]. The lung is systemically reprogrammed by extratho-
racic malignancies including breast and colon cancer, which 
support the colonization and outgrowth of circulating tumor 
cells [6]. The immune cells in the lung TME exhibit both 
pro- and anti-tumoral activities. T lymphocytes, particularly 

the  CD4+ and  CD8+ T cells in the TME, exert key effector 
cytotoxic functions and mediate the tumor killing response. 
In contrast, MDSCs, which are abundant components of the 
lung cancer infiltrate, are reported to play an essential role 
in promoting the PMN formation and tumor metastasis by 
dampening T cell proliferation, cytokine production, angio-
genesis and Treg induction in cancer [28]. However, in our 
study, we did not observe increased numbers of MDSCs and 
T cells in the lungs of LLC-exo pre-injected mice. There-
fore, we speculate that the MDSCs and T cells in the lungs 
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of LLC-exo treated mice have limited effects on tumor cell 
colonization. Moreover, these observations indicate that 
Treg accumulation in LLC-exo pre-treated mouse lung is 
not dependent on MDSCs.

Accumulating evidence suggests that Tregs suppress 
anti-tumor immune responses and influence the efficiency 
of immunotherapy [13, 29, 30]. In melanoma, gastric cancer 
and breast cancer, the increased number of  Foxp3+ Tregs in 
tumor tissue is associated with poor survival and therapeutic 

outcome [31, 32]. However, the function of Tregs in lung 
PMN formation and tumor metastasis remains to be eluci-
dated. We found that the increased number of Tregs in mice 
pre-treated with LLC-exo was correlated with more meta-
static lesions in the lung. Furthermore, inhibition of Treg 
differentiation reversed circulating tumor cell colonization 
of the lung. Based on the critical function of Tregs in tumor 
metastasis, it is noteworthy that removal of Tregs evokes an 
anti-tumor immune response and improves the outcome of 
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immunotherapy [12, 13, 33]. Unfortunately, systemic deple-
tion of Tregs will concurrently elicit autoimmune diseases 
[34]. The current strategy for evoking effective anti-tumor 
immunity without immune-related adverse events is to spe-
cifically target the differentiated functional Tregs, instead 
of all  Foxp3+ Tregs [13]. CCR4 is predominantly expressed 
by effector Tregs, but not native Tregs. It has been shown 
that effector Tregs are effectively depleted by anti-CCR4 
antibody treatment without influences on  CD4+/CD8+ T 
cell differentiation [35]. CCR8 is predominantly expressed 
on Tregs and plays a critical role in Treg-mediated immu-
nosuppression [25]. Treatment with monoclonal anti-CCR8 
antibodies has been shown to inhibit tumor growth, enhance 
anti-tumor immunity and prolong survival in colorectal 
tumor mouse models [36]. In the current study, we observed 
that the expression of CCR8 in T cells was upregulated by 
LLC-exo MPF CM. Moreover, we showed that blockade of 
the CCL1-CCR8 axis by specific inhibitors (ZK756326 and 
AZ084, respectively) prevented Treg differentiation both 
in vitro and in vivo.

Fibroblasts are a predominant component of tumor stroma 
that have been shown to play an essential role in the pro-
cesses involved in tumor progression, including invasion and 
metastasis, although their interactions with other cells, such 
as immune cells in TME, remain to be defined [37, 38]. It 
has been reported that  Foxp3+ Treg polarization induced 
by esophageal cancer-derived cancer-associated fibroblasts 
(CAFs) is mediated by IL-6. Furthermore, targeting CAFs 
or IL-6 blockade improved the efficacy of immunotherapy 
and the pre-existing tumor immunity [39]. However, the 
role of the interplay between fibroblasts and Tregs in the 
lung PMN formation is unclear. In this study, we observed 
that the production of CCL1, but not IL-6 was significantly 
upregulated in LLC-exo treated lung fibroblasts. CCL1 has 
been suggested to play a key role in Treg polarization [25]. 
In addition, as the expression levels of other chemokines, 
such as CCL2, CCL5, CXCL1 and CXCL12, were not sig-
nificantly upregulated in LLC-exo treated lung fibroblasts, 
it can be speculated that the increased number of Tregs was 
polarized by the local lung environment rather than being 
recruited from circulating Tregs. We further demonstrated 
that the fibroblast-derived CCL1 production was remark-
ably increased by LLC-exo stimulation, which contributed 
to Treg differentiation in the lung PMN.

A growing body of evidence indicates that TDEs func-
tion as communicators and play an essential role in PMN 
formation, although the underlying mechanism requires 
further clarification [15, 22]. Liu et al. demonstrated that 

tumor exosomal RNAs facilitate the establishment of the 
lung PMN and primary tumor cell metastasis by activating 
alveolar epithelial cell TLR3 to induce neutrophil recruit-
ment [40]. In our previous study, we also demonstrated that 
lung TDE-derived miR-3473b plays a key role in repro-
gramming lung fibroblasts and promoting pro-inflammatory 
cytokine production [24]. In the present study, we further 
confirmed that suppression of TDE production downregu-
lated CCL1 secretion by lung fibroblasts and impeded Treg 
differentiation, ultimately inhibiting tumor cell lung seeding. 
Although LLC-exo have propensity to home to the lung, the 
TDEs from other tumor cells like breast cancer, liver cancer 
and bladder tumor may also induce the Tregs differentiation 
and lung PMN formation, which still needs to be further 
investigated.

In summary, we have demonstrated that the number 
of Tregs, but not other immune cells such as MDSCs, is 
remarkedly increased in the lungs of LLC-exo pre-treated 
mice. Our findings indicate that LLC-exo treatment induces 
a favorable immunosuppressive microenvironment for cir-
culating LLC cell colonization. Mechanistically, we provide 
evidence that LLC cell-derived TDEs promote CCL1 secre-
tion by lung fibroblasts, which induces Treg differentiation 
via its receptor, CCR8. Targeting TDE production, as well as 
blockade of the CCL1-CCR8 axis significantly reduced the 
number of Tregs in the lung and circulating tumor cell seed-
ing of the lung (Fig. 7). Thus, our study enhances the under-
standing of the mechanism by which tumor cells regulate 
lung PMN formation to facilitate tumor cell colonization of 
the lung, and provides a potential therapeutic target for sup-
pression of lung metastasis from the transitional medicine 
perspective. The LLC-exo cargo and the potential involve-
ment of other cells in the lung that influence Treg differen-
tiation and PMN formation warrant further investigation. In 
addition, future studies will clarify the long-term outcomes 
associated with suppression of lung metastasis by inhibiting 
TDE secretion or blockade of the CCL-CCR8 axis, either as 
a monotherapy or in combination.

Conclusion

In this study, we have illustrated a new molecular mecha-
nism of Treg accumulation in the lung PMN and highlighted 
a potential therapeutic target for inhibiting cancer cell lung 
metastasis.
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