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Abstract

Most breast cancer-related deaths are caused by metastasis in vital organs including
the lungs. Development of supportive metastatic microenvironments, referred to as
premetastatic niches (PMNs), in certain distant organs before arrival of metastatic
cells, is critical in metastasis. However, the mechanisms of PMN formation are not
fully clear. Here, we demonstrated that chemoattractant C-C motif chemokine ligand
2 (CCL2) could be stimulated by heat shock protein 60 (HSP60) on the surface of
murine 4 T1 breast cancer cell-released LC3* extracellular vesicles (LC3* EVs) via the
TLR2-MyD88-NF-«kB signal cascade in lung fibroblasts, which subsequently promoted
lung PMN formation through recruiting monocytes and suppressing T cell function.
Consistently, reduction of LC3" EV release or HSP60 level or neutralization of CCL2
markedly attenuated PMN formation and lung metastasis. Furthermore, the number
of circulating LC3" EVs and HSP60 level on LC3* EVs in the plasma of breast can-
cer patients were positively correlated with disease progression and lung metastasis,
which might have potential value as biomarkers of lung metastasis in breast cancer
patients (AUC = 0.898, 0.694, respectively). These findings illuminate a novel mech-
anism of PMN formation and might provide therapeutic targets for anti-metastasis

therapy for patients with breast cancer.
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1 | INTRODUCTION

Breast cancer (BC) is the most common diagnosed malignancy in
women worldwide. Despite significant advances in the early detec-
tion and treatment of BC, many patients still die from distant organ
metastasis.! The lung is one of the most common and deadliest sites
of BC metastasis, particularly in patients with triple-negative breast
cancer (TNBC).2 Lung metastasis remains difficult to treat; 60%-70%
of patients die of BC due to lung metastasis.’

The colonization of circulating tumor cells (CTCs) in the distant
organs is a key initial step of metastasis.*> The formation of support-
ive metastatic environments in distant organs, termed the premet-
astatic niche (PMN), is essential for CTC colonization, seeding, and
survival.®” Owing the critical role in distal organ metastasis, numer-
ous efforts are made to reduce PMN formation in order to improve
the outcome of malignancy. It has been reported that tumor-secreted
factors (TDSFs) such as vascular endothelial growth factor (VEGF),®
tumor necrosis factor (TNF)-a,” osteopontin,'® stromal cell-derived
factor’* and nicotinamide phosphoribosy! transferase (NAMPT)?
could all influence PMN formation through different mechanisms.
For example, tumor-derived extracellular vesicles (EVs), such as exo-
some, could travel far from their original site to act as the potential
mediators of PMN.'®1* However, it is still uncertain whether other
TDSFs sited in the primary tumor could also contribute to the forma-
tion of PMN and the fortune of malignancy could be affected or not
by modulating these TDSFs.

Recently, secretory autophagosomes, a new type of LC3*
EVs, have received widespread attention in exploring various dis-
ease features. Loss of lysozyme released by intestinal Paneth
cells is related to increased risk of Crohn's disease.'®> Moreover,
cardiomyocyte-released autophagosomes containing defective
mitochondria phagocyted by macrophages are capable of improv-
ing cardiomyocyte health.'® Our previous studies have shown that
tumor cell-released LC3™ EVs (termed as tumor cell-released au-
tophagosomes [TRAPs]) isolated from murine tumor cell lines and
pleural effusions or ascites of cancer patients were distinct from
exosomes.!”?° LC3* EVs could modulate the immunosuppressive
activities of B cells,'” neutrophils,18 macrophages,19 and CD4* T
cells?® in tumor microenvironment. However, it is unclear whether
these LC3™ EVs could modulate PMN formation in distant organs
and affect metastasis.

2 | MATERIALS AND METHODS
2.1 | Patients

Details are described in Appendix S1.

2.2 | Mice, cell culture, and reagents

Details are described in Appendix S1.

2.3 | LC3* EVsisolation and characterization

LC3" EVs were collected from tumor cells as previously described.?!
Briefly, cell supernatants were collected and centrifuged at 4509 for
10minutes to exclude dead cells and debris. The supernatant was
further centrifuged at 12,000 g for 30 minutes to harvest LC3* EVs-
containing pellet. Subsequently, EVs were washed twice with PBS
containing NH4ClI plus EDTA. The LC3* EVs-containing pellet was
washed with PBS and isolated with magnetic beads (Miltenyi Biotec)
combined with LC3B antibody (Cell Signaling Technology). The pu-
rity of LC3* EVs was determined by flow cytometry (FCM), Western
blot, and TEM.

2.4 | LC3* EVsstimulation and labeling

Details are described in Appendix S1.

2.5 | Determination of circulating LC3T EV
absolute number

The fresh blood was centrifuged for 10minutes at 1000 g and
plasma was collected. After centrifugation for 10 minutes at 3000 g,
100pl of plasma was stained with anti-LC3B antibody for 30 minutes
and washed with PBS for 20 minutes at 12,000 g, and then 10,000
events of counting beads were added in each tube. FCM acquisition
stopped after 5000 events had been counted in the counting beads
gate, and the number of LC3* EVs in 100 pl of plasma was calculated.

2.6 | Lung fibroblast isolation

Details are described in Appendix S1.

2.7 | Quantitative real-time PCR and RNA-
sequencing analysis

Details are described in Appendix S1.

2.8 | Flow cytometry

The single-cell suspension was blocked with mouse FcR block-
ing (Miltenyi Biotec) prior to surface staining. Fixable viability dye
eFluor 520 (eBioscience) was used to exclude dead cells. For intra-
cellular staining in T cells, after ex vivo stimulation with the leu-
kocyte activation cocktail (BD Biosciences) for 5hours, cells were
fixed and permeabilized by using a fixation/permeabilization kit (BD
Biosciences) followed by intracellular cellular staining after staining
with surface antibodies. Data were acquired on BD FACS Calibur
and analyzed by Flow-Jo.
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2.9 | Western blot analysis

Details are described in Appendix S1.

210 | ELISA

Details are described in Appendix S1.

2.11 | Lungleakage experiments

Details are described in Appendix S1.

2.12 | Chemotaxis assays

Details are described in Appendix S1.

2.13 | CCL2inhibition in vivo

Two days following tumor inoculation, mice were injected intraperi-
toneally with anti-CCL2 antibody (10mg /kg/mouse) (clone 2H5;
BioXCell). Injections were performed every 2days to a total of four

injections.

2.14 | Animal models

For defining the premetastatic lungs, luc*-4T1 cells were subcuta-
neously injected into the right fourth mammary fat pads of mice,
and lungs were harvested for the luciferase detection. The period
without luc*-4T1 cells was defined as premetastatic phase.

To assess the PMN formation, Becn1 KD-4T1 or Hsp60 KD-4T1
cells (5x 10° cells/mouse/100 ul) were subcutaneously injected into
the right fourth mammary fat pads of mice. The plasma was collected
for LC3* EV number counting and HSP60 detection. On day 10, the
frequencies of monocytes (Mo), macrophages, T cells, IFN-y* T cells,
and PD-L1 expression were evaluated in the lung. Lung leakage was
evaluated by immunofluorescence. In the LC3* EV-educated model,
LC3* EVs (10pg) were injected intravenously every other day for a
total of five treatments. On day 10, the frequencies of Mo, macro-
phages, T cells, IFN-y* T cells, PD-L1 expression, and lung leakage
were evaluated by FCM.

To evaluate the lung metastasis, Becn1 KD-4T1 or Hsp60 KD-4T1
cells (5x 10° cells/mouse/100 ul) were subcutaneously injected into
the right fourth mammary fat pads of mice. On day 35, mice were
euthanized, and their lungs were collected. In the LC3" EV-educated
model, LC3* EVs (10 ug) were injected intravenously every other day
for a total of five treatments, followed by intravenous injection of
4T1 cells (1x 10° cells). Mice were sacrificed 21 days later, and their
lungs were fixed with Bouin's solution.

2.15 | Statistical analysis

Statistical analyses were performed using SPSS23.0 and GraphPad
Prism 8.0. Experimental data came from three independent experi-
ments. The two-tailed unpaired Student's test was applied to com-
pare two normally distributed parameters, and the Mann-Whitney
U-test was applied to compare the non-normally distributed pa-
rameters between two groups. Multiple groups were compared
with one-way ANOVA and Bonferroni post hoc test for data that
fulfilled normal distribution, and the Kruskal-Wallis test was used
for not normally distributed data. Binary logistic regression analysis
was used to identify independent risk factors. Receiver-operating
characteristic (ROC) curves were constructed and area under the
curve (AUC) values calculated to estimate the accuracy of variables
for prediction of lung metastasis. All data are presented as the mean
value+SEM and p <0.05 was considered significant (*p <0.05;
**p <0.01; ***p <0.001; ****p <0.0001; NS, not significant).

3 | RESULTS

3.1 | Primary tumor cell-derived circulating LC3*
EVs promote lung PMN formation

To investigate the role of primary tumor cell-released LC3* EVs
in the process of lung metastasis, a Becnl knockdown 4T1 cells
(Becn1 KD-4T1) tumor-bearing model was established (Figure 1A).
Becnl knockdown in 4T1 cells diminished intracellular LC3-II ac-
cumulation and markedly reduced LC3" EVs secretion but had no
effect on exosome secretion (Figure S1A,B). In vitro proliferation of
Becn1 KD-4T1 cells has no significant change compared with Becn1
NC-4T1 cells (Figure S1C). Although the overall tumor growth was
delayed in Becnl KD-4T1-bearing mice, the tumor size of Becnl
KD-4T1-bearing mice and that of Becn1 NC-4 T1-bearing mice were
comparable within 14 days (Figure S1D). Western blot analysis con-
firmed the downregulation of Beclinl in Becn1 KD-4T1 tumor tissues
(Figure S1E). Notably, cLC3* EVs of Becnl KD-4T1-bearing mice
were significantly reduced compared with those of Becn1 NC-4T1-
bearing mice (Figure S1F, Figure 1B). More importantly, significant
reduction of spontaneous lung metastasis in Becn1 KD-4 T1-bearing
mice was observed compared with that in Becnl NC-4T1-bearing
mice (Figure S2A, Figure 1C), suggesting a promoting role of cLC3*
EVs in the process of lung metastasis.

Premetastatic niches formation plays a vital role in the process
of metastasis.*” We thus investigated the effect of LC3" EVs in the
lung PMN formation. To define the premetastatic lung, luciferase-
labeled 4T1 cells (luc™ 4T1) tumor-bearing mice model was estab-
lished (Figure 1A). No luciferase could be detected in the lung within
14 days, indicating this period is the premetastatic phase (Figure 1D).
The recruitment of bone marrow-derived cells (BMDCs) to meta-
static sites has been reported to be one of the major hallmarks of
PMN formation.?>?® Significant accumulation of CD11b* Ly6CMe"
Mo inthelung were observed onday 7, 10, and 14 after subcutaneous
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FIGURE 1 Primary tumor-derived circulating LC3* extracellular vesicles (EVs) mediate premetastatic niche (PMN) formation and promote
lung metastasis. (A), Schema for detection of PMN formation and lung metastasis in the indicated 4 T1-bearing mice. (B), Peripheral blood
from indicated mice was collected for counting the number of cLC3* EVs by flow cytometry (FCM). (C), BALB/c mice (n = 5) were s.c.
injected with Becn1 NC- or Becn1 KD-4T1 cells, and the lung metastatic nodules were counted 35d later. (D), The lungs were harvested
from luc™-4T1TB and tumor-free (TF) mice for detecting of luciferase by gPCR. E-K, BALB/c mice (n = 5) were injected subcutaneously with
Becn1 NC- or Becn1 KD-4T1 cells. On day 10, the proportion of monocytes (Mo) (E) and interstitial macrophages (IMg) (F) in the lung, and
PD-L1 expression on Mo and IMg was detected by FCM (G). Intracellular IFN-y expression of CD4* (H) or CD8" T cells (I) was analyzed by
FCM, and IFN-y secretion in supernatants was detected by ELISA (J). Immunofluorescence images of lung vascular leakage (K). Data were
expressed as means +SEM.
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FIGURE 2 Circulating LC3* extracellular vesicles (EVs) promote lung premetastatic niche (PMN) formation. (A), Schema for detection

of PMN formation and lung metastasis in LC3* EVs-educated mice. (B), DiR-labeled LC3™ EVs distribution in the lungs and other organs
detected by IVIS. (C), PKH67-labeled LC3* EVs distribution in the lungs detected by fluorescence microscope (scale bar, 10 um). D-K,

BALB/c mice (n = 5) were i.v. injected with 4 T1-LC3" EVs every other day for five times. The proportion of lung monocytes (Mo) (D) and
interstitial macrophages (IMg) E, PD-L1 expression on Mo in blood (F) and lung, and IM¢ in lung were detected by flow cytometry (FCM) (G).
Intracellular IFN-y expression of CD4" (H) or CD8* T cells (I) was analyzed by FCM, and IFN-y secretion in supernatants was detected by
ELISA (J). Immunofluorescence images of lung vascular leakage (K). (L) BALB/c mice (n = 5) were i.v. injected with 4T1-LC3"* EVs every other
day for five times followed by 4 T1 cells i.v. injection. 21d later, lung metastatic nodules were assessed. Data were expressed as means+SEM.

implantation of 4T1 cells (Figure S2B). On day 10, the frequency of in the lung of Becn1 NC-4T1 tumor-bearing mice was significantly
Mo (Figure 1E) and F4/80* CD11b" CD11c¢ interstitial macrophages increased compared with tumor-free (TF) mice. Interestingly, com-
(IMg) (Figure 1F) and their surface PD-L1 expression (Figure 1G) pared with Becn1 NC-4T1-bearing mice, the frequency of Mo and
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IM@ and their PD-L1 expression in Becnl KD-4T1-bearing mice
were dramatically decreased (Figure 1E-G), while PD-L1 expres-
sion on Mo in peripheral blood remained the same (Figure 1E-G).
Meanwhile, IFN-y* CD4" T cells, IFN-y* CD8" T cells, and total
IFN-y secretion in lung tissues from tumor-bearing mice were sig-
nificantly decreased compared with TF mice in vitro, while the pro-
portion of CD4" T cells and CD8™ T cells did not change significantly
(Figure S2C,D). Compared with Becnl NC-4T1-bearing mice, the
frequencies of IFN-y* CD4* T cells and IFN-y* CD8™ T cells and total
IFN-y secretion were partially recovered in Becn1 KD-4T1-bearing
mice (Figure 1H-J). Moreover, enhanced vascular permeability in
the lung of Becnl NC-4T1-bearing mice was observed compared
with TF mice, while the vascular permeability in the lung of Becnl
KD-4T1-bearing mice was decreased (Figure 1K). Collectively, these
results show that on day 10 after tumor cell subcutaneous injection,
lung PMN infiltrated with Mo and macrophages, enhanced lung per-
meability, and suppressed T cell function have been formed. More
importantly, the PMN in the lung is diminished in Becn1 KD-4T1-
bearing mice, suggesting an enhancing role of cLC3* EVs in the lung
PMN formation.

To further demonstrate the role of LC3" EVs in lung PMN for-
mation, 4T1 cell-derived LC3" EVs (4T1-LC3" EVs) (Figure S3A-
C) labeled with DiR or PKH67 were injected into mice by tail vein
(Figure 2A). These LC3" EVs were found to mainly distribute in the
lung, and also in liver, brain, and bone (Figure 2B,C). Compared with
the normal saline (NS) group, the proportion of lung-infiltrating Mo
and IMg and their PD-L1 levels were dramatically elevated in LC3*
Evs-pretreated mice (Figure 2D-G). A lower frequency of IFN-y* T
cells and decreased IFN-y secretion were observed in LC3" EVs-
pretreated mice (Figure 2H-J). Enhanced vascular permeability in
the lung was observed in the LC3* EVs-pretreated mice (Figure 2K).
Most importantly, pretreatment of mice with LC3* EVs increased
lung metastatic colonization (Figure 2L). Taken together, these re-
sults further demonstrated that LC3* EVs could induce a proinflam-
matory and immune-suppressed PMN formation and pave the way
for lung metastasis.

3.2 | LC3* EVs enhance CCL2 production in lung
fibroblasts via the TLR2-MyD88-NF-kB pathway

To investigate the underlying mechanism through which LC3* EVs
promote lung PMN formation, the uptake of 4T1-LC3* EVs in the
lung was analyzed by FCM. The results showed that LC3" EVs were
mainly taken up by macrophages (46.8%) and fibroblasts (33.0%), re-
spectively (Figure 3A,B).

Fibroblasts have been proved to be involved in the progression
of PMN and metastasis.?* Proinflammatory activation of fibroblasts
was previously shown to be functionally important for recruitment
of immune cells into the tumor microenvironment.?>?% As further
reinforcement, the primary lung fibroblasts (Figure S4A) were in-
cubated with PKHé7-labeled LC3* EVs. Confocal imaging and
FCM analysis showed a cytoplasmic localization of PKH67-labeled

LC3* EVs in lung fibroblasts (Figure 3C). Moreover, treatment of
lung fibroblasts with LC3* EVs resulted in upregulated expression
of aSMA, an activated marker of fibroblasts (Figure S4B). We next
aimed to further characterize the LC3* EVs-induced lung fibroblast
activation. A total of 666 upregulated genes were found highly en-
riched in LC3* EVs-stimulated fibroblasts as compared with normal
fibroblasts by RNA sequencing. Gene Ontology analysis revealed
that differential genes were significantly enriched in inflammatory
response (Figure 3D). Among them, CCL2 was the most upregu-
lated abundant gene involved in inflammatory response (Figure 3E,
Figure S4C). LC3* EVs induced lung fibroblasts to produce CCL2 in
vitro (Figure 3F, Figure S4D). Importantly, ex vivo results showed
that CCL2 produced by lung fibroblasts from Becn1 KD 4 T1-bearing
mice was significantly decreased compared with that from Becnl
NC 4T1-bearing mice (Figure 3G). Furthermore, CCL2 produced by
lung fibroblasts from 4T1-LC3" EVs-preinjected mice was signifi-
cantly increased compared with that from mice with NS injection
(Figure 3H), indicating that LC3™ EVs could induce lung fibroblasts
to produce CCL2.

We next explored the mechanism of LC3" EV-mediated CCL2
expression of lung fibroblasts. Pretreatment of lung fibroblasts with
an inhibitor of TLR2 or MyD88 attenuated 4T1-LC3* EVs-induced
secretion of CCL2 (Figure S4E). Consistently, TIr2”~ and Myd887"~
mice-derived lung fibroblasts were completely defective in pro-
ducing CCL2 in response to 4T1-LC3" EVs (Figure 3I). LC3* EVs
treatment of lung fibroblasts resulted in the phosphorylation of the
NF-¥B pathway (Figure 3J), and inhibition of the NF-kB pathway re-
pressed the induction of CCL2 (Figure 3K). These data collectively
indicate that 4 T1-LC3" EVs could induce CCL2 secretion from lung
fibroblasts through the TLR2-MyD88-NF-«xB pathway.

3.3 | HSP60 on LC3" EVs promotes lung
PMN formation

Next, we identify the molecular components in LC3* EVs that
are responsible for stimulating lung fibroblasts to produce CCL2.
Pretreatment with proteinase K digestion and sonication impaired
the ability of LC3" EVs to stimulate the CCL2 production from lung
fibroblasts (Figure 4A), indicating that proteins on the surface of
LC3* EVs are involved in the CCL2 induction of fibroblasts. Several
ligands of TLR2, including HSP27, HSP60, HSP70, HSP90«, and
HMGB1, were detected on the surface of LC3* EVs (Figure S5A).
Blocking of HSP60 partially reduced LC3" EVs-induced CCL2 se-
cretion (Figure 4B). Moreover, upon stimulation with LC3* EVs
from Hsp60 KD-4T1 cells, the induction of CCL2 was partially abol-
ished, with a concomitant decline of P65 NF-kB phosphorylation
(Figure S5B, Figure 4C,D).

We then evaluated the functional role of HSP60 on LC3* EVs in
vivo. Accordingly, compared with Hsp60 NC 4T1-bearing mice, no
significant difference was observed in cLC3* EV number in plasma
(Figure S5C), but the HSP60 level on cLC3* EVs from Hspé60 KD
4T1-bearing mice was markedly decreased (Figure 4F, Figure S5D).
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FIGURE 3 LC3" extracellular vesicles (EVs) activate lung fibroblasts to produce CCL2 via the TLR2-MyD88-NF-kB pathway. (A, B),
BALB/c mice (n = 5) were i.v. injected with PKHé67-labeled LC3* EVs. PKH67" cells in the lung (A) and the proportion of indicated cells in
PKH67* cells (B) were analyzed by flow cytometry (FCM). (C), Confocal microscopy images of lung fibroblasts (red) ingesting of PKH67-
labeled LC3™ EVs (green) (scale bar, 50um). (D), The lung fibroblasts treated with 4 T1-LC3" EVs (10 pg/ml) underwent RNA-sequencing
assay, which was followed by functional enrichment analysis of the differentially expressed genes. (E), Heatmap of inflammatory genes that
were enriched in an unbiased Gene Ontology (GO) analysis. Analysis was performed on genes significantly upregulated in control versus

LC3* EV-treated lung fibroblasts. (F), ELISA detection of CCL2 secretion

by lung fibroblasts incubated with different concentrations of LC3*

EVs for 48h. G-H, The lung fibroblasts isolated from mice on day 10 after Becn1 NC- or Becn1 KD-4T1 cell s.c. injection (G) or after LC3*
EVs i.v. injection (H) were cultured for 48 h. CCL2 levels were determined by ELISA. (1), ELISA detection of CCL2 secretion by lung fibroblasts
purified from WT, TIr4™", TIr2™~, Myd88™"mice incubated with LC3* EVs for 48h. (J), Western blot analyses of the phosphorylation of
IKKa/B, 1B, p65 in lung fibroblasts treated with LC3" EVs. (K), The lung fibroblasts were pretreated with NF-kB inhibitor for 1h and then
cocultured with LC3" EVs for 48h. CCL2 levels in supernatants were determined by ELISA. Data were expressed as means+SEM.

Furthermore, a pronounced reduction of CCL2 secretion by lung fi-
broblasts (Figure 4G) and a substantial decrease in frequency of lung-
infiltrating Mo and IM¢ were evidenced in Hsp60 KD 4T1-bearing
mice (Figure 4H-I). Moreover, a marked reduction in spontaneous
lung metastasis was found in Hsp60 KD 4 T1-bearing mice (Figure 4J).
These results suggest that HSP60 bound on the intact LC3* EVsis the
major player responsible for LC3* EVs-induced lung PMN formation.

34 | CCL2isrequired for LC3* EVs-induced
inflammatory and immunosuppressive PMN

Monocytes and macrophages infiltration is a known important fea-
ture of the premetastatic lung microenvironment,?>?% and CCL2 is
reported as main chemoattractant of Mo and macrophages. To test
the role of CCL2 production of LC3* EV-stimulated fibroblasts in

macrophage migration, chemotaxis assays were performed by using
supernatant from LC3" EVs-treated fibroblasts. We found that su-
pernatant from LC3* EVs-treated fibroblasts significantly increased
macrophage migration. Moreover, neutralizing CCL2 significantly in-
hibited LC3* EVs-stimulated lung fibroblast-induced chemotaxis of
macrophages (Figure 5A).

We further validated whether CCL2 is a key player in lung
PMN in vivo. CCL2-neutralizing antibody (CCL2 nAb) intraperito-
neal injection in tumor-bearing mice suppressed the recruitment
of lung-infiltrating Mo and IM¢g (Figure 5B,C). The proportion of
lung-infiltrating CD4* T cells and CD8™" T cells did not change sig-
nificantly (Figure S6A,B). Intriguingly, IFN-y* CD4* T cells, IFN-y*
CD8* T cells, and their total IFN-y secretion were significantly in-
creased post intraperitoneal injection of CCL2 nAb (Figure 5D-F).
Importantly, CCL2 blockade inhibited spontaneous lung metastasis
of 4T1 tumor-bearing mice (Figure 5G). Above results indicate that
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FIGURE 4 HSP60 on intact LC3* extracellular vesicles (EVs) is essential for CCL2 induction. (A, B,) ELISA detection of CCL2 secretion
by lung fibroblasts treated with indicated LC3* EVs (A) or blocking antibody-pretreated LC3* EVs for 48 h (B). (C), Flow cytometry

(FCM) determination of HSP60 expression on 4 T1-LC3" EVs from Hsp60 NC- and Hsp60 KD-4T1 cells. (D), Western blot analyses of the
phosphorylation of pé5 in lung fibroblasts treated with Hsp60 NC- or Hsp60 KD-4T1-LC3* EVs for 30 min. (E), ELISA detection of CCL2
secretion by lung fibroblasts treated with Hsp60 NC- or Hsp60 KD-4T1-LC3" EVs for 48 h. F-J, BALB/c mice (n = 5) were s.c. injected with
Hsp60 NC- or Hsp60 KD-4T1 cells. On day 10, the peripheral blood was collected and HSP60 expression on cLC3* EVs was determined
by FCM (F). CCL2 levels in supernatants from the lung fibroblasts were tested by ELISA (G). The proportion of monocytes (Mo) (H) and
interstitial macrophages (IMg) (I) in the lung was analyzed by FCM. On day 35, lung metastatic nodules were counted (J). Data were

expressed as means+SEM.

CCL2 is the major driving force for LC3* EVs-induced inflammatory

and immunosuppressive PMN formation in vitro and in vivo.

3.5 | Circulating LC3* EVs and HSP60 on cLC3"
EVs were associated with disease progression and
lung metastasis in patients with BC

We first verified the effect of human BC cell-derived LC3" EVs
(hLC3* EVs) on human lung fibroblasts. MDA-MB-231-derived
hLC3* EVsinduced HFL1 activation (Figure S7B) and CCL2 secretion
(Figure 6A, Figure S7A). Blocking of HSP60 partially reduced hLC3*
EVs-induced CCL2 secretion (Figure S7C, Figure 6B), indicating that
hLC3" EVs could significantly stimulate CCL2 production in human
lung fibroblasts through HSP60.

To observe the relationship of cLC3™ EVs and HSP60 level
with lung metastasis occurrence, the plasmas from BC patients
and healthy donors (HDs) (Table S1) were collected for cLC3" EVs

quantification. The number of cLC3* EVs in the plasma of BC pa-
tients was substantially higher than that in HDs (Figure 6C-E). Higher
proportion of cLC3" EVs from BC patients contained epithelial cell
adhesion molecule (EpCAM) compared with HDs (Figure S7D), sug-
gesting a cancer cell origin of most of the cLC3* EVs from BC pa-
tients.?” Further analysis revealed that the number of LC3* EVs in
the plasma of BC patients was positively correlated with the pro-
gression of BC (Figure 6E). Importantly, the number of cLC3* EVs in
BC patients with lung metastasis was significantly higher than that
in BC patients without metastasis (Figure 6F). Of note, the number
of cLC3* EVs in the plasma of patients with TNBC was markedly
higher than that with non-triple-negative breast cancer (NTNBC)
(Figure 6G). Accordingly, the HSP60 level on cLC3* EVs was also sig-
nificantly higher in BC patients compared than in HDs (Figure 6H).
Among BC patients, the HSP60 level on cLC3" EVs was significantly
higher in patients at stage IV than that in patients at stage 1/1l and
1l (Figure 6H); the HSP60 level on cLC3* EVs in BC patients with
lung metastasis was significantly higher than that in BC patients
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without metastasis (Figure 6l); and the HSP60 level on cLC3* EVs 4 | DISCUSSION
was markedly higher in patients with TNBC than in patients with
NTNBC (Figure 6J). These results suggest that cLC3* EV number and In summary, we unraveled the novel mechanism of LC3* EVs-
HSP60 level on cLC3* EV in plasma are closely related to disease enhanced lung PMN formation of BC as follows (Figure 7): (1) The
progression and lung metastasis in BC patients. primary tumor-released LC3* EVs activate lung fibroblasts to pro-
Binary logistic regression analysis showed that cLC3* EV number duce CCL2 via the HSP60-TLR2-MyD88-NF-kB pathway; (2) CCL2
and HSP60 level on cLC3* EVs were risk factors for lung metastasis could then recruit Mo to the lungs; (3) lung PMN formation char-
of BC (Tables S3 and S4). ROC curve revealed that the area under the acterized by Mo and macrophages infiltration, immunosuppression,
cLC3™ EV curve, the HSP60 curve, and the curve of the combination and enhanced vascular permeability eventually promotes lung me-
were 0.898, 0.694, and 0.910, respectively (Figure 6K-M), indicating tastasis. Our findings imply that HSP60 on cLC3* EVs or CCL2 pro-
the synergic impact of combining the two biomarkers. These results duction might be potential targets for the prevention and treatment
suggest that cLC3* EV number and HSPé60 level on cLC3* EV in the of lung metastasis in patients with BC; the number of cLC3* EVs and
plasma have a potential value as biomarkers for lung metastasis in HSP60 level on cLC3* EV in the plasma might serve as biomarkers of
patients with BC. patients with BC regarding the risk of metastasis.
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FIGURE 5 CCL2 s responsible for premetastatic niche (PMN) formation and lung metastasis. A, Representative pictures (100x) of
Raw264.7 migration toward indicated supernatants. B-G, BALB/c mice (n = 5) were s.c. injected with 4T1 cells and then intraperitoneally
injected with anti-CCL2 antibody every other day for four times from the second day of tumor inoculation. On day 10, the proportion

of monocytes (Mo) (B) and interstitial macrophages (IMg) (C) from the lung were analyzed by flow cytometry (FCM). The lung infiltrating
lymphocytes were stimulated with anti-CD3/CD28 mAb. Intracellular IFN-y expression of CD4* T cells (D) and CD8™ T cells (E) was analyzed
by FCM, and IFN-y secretion in supernatants was detected by ELISA (F). On day 35, lung metastatic nodules were analyzed (G). Data were
expressed as means+SEM.

FIGURE 6 Detection of circulating LC3* extracellular vesicles (EVs) in the plasma of breast cancer (BC) patients is associated with
diagnosis of lung metastasis. A, B, ELISA detection of CCL2 secretion by HFL1 treated with LC3* EVs for 48 h (A) and with anti-HSP60 mAb
pretreatment (B). C, D, Flow cytometry (FCM) pictures of cLC3™ EV number (C) and HSP60 level on cLC3* EVs (D) in plasma of HDs and

BC patients. E-G, cLC3* EV number of HDs (n = 30) and BC patients with different stages (n = 104) (E), BC patients with non-metastasis

(n = 75) or lung metastasis (n = 29) (F), BC patients with non-triple-negative breast cancer (NTNBC) (n = 53) or triple-negative breast cancer
(TNBC) (n = 29) (G). H-J, HSP60 MFI on cLC3* EVs of healthy donors (HDs) and BC patients with different stages (H), BC patients with
nonmetastasis or lung metastasis (I), BC patients with TNBC or NTNBC (J). (K-M) The ROC curve of cLC3" EVs (K), HSP60 (L), and cLC3* EVs
combined with HSP60 (cLC3* EVs+HSP60) (M). Data were expressed as means +SEM.



SUN ET AL. - 3413
Cancer Science NIl e
(A) (B) © (D) % / MFI
*k *k w
3 300 — 200 ™ g a
£ E T
> S 1501
< 200/ e
o SN 100
O Q 97% /760
© 100/ ©
50+ »
2 3
o
0t -arhog 0 OT .
So - i PO o
NS
hLC3* EVs (ug/ml) O\
+ LC3 —
hEGS™ Eviss HSP60 on LC3" EVs
(E) p<0.0001 (F) (G)
400- p<0.0001 400, P<0.0001 400, P=0.0002
(/) **t‘k. ) A - ek .
2 ) : = . o~ .
o ® 300 PTOXOT . o T 300 : 2 F 300 X
™ o .,
Q8 p<0.0001 & S8 B Q8 =
oy Hkkk 5 ': o ] o ]
2 2 2004 = g = 200 g el 200
T 3 8 80 T 0
3Z 100 : 4 3 € 100 3 Z 100/
© i © ©
O DS Vil 1 v o o
S
= Q° ®
Stages/BCs @Q N
&
(H) U] W)
p=0.0258
& ) — = - ~ ~ p=0.01
£ 1500 0=0.0153 T 15007 p=0.009 T 1500 .
= e = = -
2 ‘ 2 ' 2 ‘
@ 10001 S e @ 10001 e @ 10001 :
e p<0.0001 . s . N
O Hkkk : O -~ O
- g . - =
§ 500 ® § 500 § 5001
o 2 s o o
© © ©
5 ik 5 g
T ol ) o N
HDs Il 1Il IV
Stages/BCs Q «éb «éb
&
(K) L (M)
100 ) 100 g 100
30 = o P
& AUC=0.898 R AUC=0.694 o
W 80 o 801 P=0.0022 T &0 AUC=0910 .~
+ X P<0'0001/ by :\3 w:\G P<0.0001
BT S z< a1
2 & 601 Q > 60 > 60
> 2 2 S
€ % 5= o=
7 € 401 2 404 ; = 2 404
T g o c 40 p c 40 .
=) £ h 2a
o 2. - Sensitivity: 0.897 %) 20- Sensitivity: 0.621 B 204 " Sensitivity: 0.931
© Specificity: 0.787 + Specificity: 0.667 3 Specificity: 0.760
o0l Criterion: >101.25 " Criterion: >440 5 5 Criterion:>167.48
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Specificity (%) Specificity (%) Specificity (%)

Circulating LC3* EVs

HSP60 on LC3* EVs

Circulating LC3* EVs+HSP60



SUN ET AL.

REBRWATS ' Cancer SCience

Primary tumor Lung

Tumor cell

@
<
Q;j.zr/; Macrophage

Fibroblast

‘| Circulation

LC3+EV
,LC-3b
3%

HsP60 U
CUWTIR2 ccL2

. L MyDss %
.
b

Fibroblast

formation

@ LC3* EV-activated lung fibroblast

Mo
- |
* @
Mo

® Recruitment @ Metastases

Tumor cell-released LC3™ EVs as a new TDSF

41 |

The formation of PMN involves crosstalk among various primary
TDSFs, the host stromal microenvironment, and mobilized BMDCs
within future metastatic sites.” Primary tumor-derived EVs, such as
exosomes which contain proteins, mRNA, or microRNA, could travel
far from their original site to act as potential mediators for educat-
ing the PMN.?8-%0 |n the present study, extracellular secretory au-
tophagosomes carrying the autophagosomal marker LC3lII, but not
exosomal markers CD63 or TSG101, with sizes ranging from 200 to
900nm as previously identified,'?2° play the crucial role in promot-
ing an inflammatory and immune-suppressive lung PMN and subse-
qguently enhance metastasis.

4.2 | Effect of fibroblast-derived CCL2 on PMN

CCL2is known to be involved in the pathogenesis of several diseases
characterized by monocytic infiltration.3%? Evidence suggests that
cancer-associated fibroblasts-derived CCL2 can recruit a variety of
myeloid cells including TAM and inflammatory Mo, promoting tumor
inflammatory microenvironment formation and metastasis.3*3*
Furthermore, tumor or stroma-derived CCL2 can recruit inflamma-
tory Mo, promoting tumor metastasis.?” In this study, RNA sequenc-
ing revealed high expression of inflammatory cytokines, such as
CCL2 and IL-6, in lung fibroblasts upon cLC3* EVs stimulation. To
explore the mechanistic role of CCL2 in lung metastasis, CCL2 anti-
body was injected in vivo. As expected, Mo and macrophages were
decreased, T cell function was recovered, lung PMN characteristics
were weakened, and lung metastasis was decreased in mice treated

(® Pre-metastic niche

FIGURE 7 Schematic illustration of
circulating LC3* extracellular vesicles
(EVs) that promote lung premetastatic
niche (PMN) formation and metastasis by
educating fibroblast.

U
(@)~ 13 ev
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with CCL2 antibody. These data illustrate the mechanistic role of
CCL2 in the pathogenesis of lung metastasis.

Fibroblasts have been proved to be involved in the progression
of PMN and metastasis. Therefore, we focus on lung fibroblasts in
this study. However, other cell subsets in the lungs may also take
up LC3* EVs and play roles in PMN formation. Recent studies have
demonstrated that tumor-derived exosomes could polarize macro-
phages toward an immunosuppressive phenotype characterized by
increased PD-L1 expression.36 Furthermore, the tumor cell-released
microparticles were reported to remodel the lung parenchyma via
a macrophage-dependent pathway to create an altered inflamma-
tory and mechanical response to tumor cell invasion.*” We also
found that LC3" EVs could be taken up by macrophages in the lungs
(Figure 3B). In view of the above, macrophages may also be involved
in LC3" EVs-promoted PMN formation. The role of macrophages in

this process awaits to be explored in the future.

4.3 | PD-L1 upregulation in lung Mo and IMs
upon LC3* EVs injection could contribute to
immunosuppression in PMN

Our previous report showed that in tumor microenvironment,
tumor-derived autophagosomes (LC3* EVs) could convert mac-
rophages into an immunosuppressive M2-like phenotype charac-
terized by the expression of PD-L1 and IL-10. These macrophages
inhibited the proliferation of both CD4* and CD8" T cells in vitro
and promoted tumor growth mainly through PD-L1 in vivo. This
mechanism may also be applicable to immunosuppression in PMN.
Recent study showed that tumor-derived exosomes modulate PD-L1
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expression in Mo, which contributes to cancer-related inflammation
and concurrent immune escape via PD-L1 expression in chronic lym-
phocytic leukemia.®® Furthermore, tumor-derived exosomes have
increased expression of PD-L1 on resident IMg and subsequently
curtail immune responses through inhibition of effector T cell func-
tions and contribute to macrophage-mediated PMN formation.®
The above research indicated that PD-L1 upregulation in lung IMs
or Mo upon tumor-derived EV injection plays an important role in
immunosuppression in PMN. In addition, we found that LC3* EV up-
regulated PD-L1 on the surface of macrophages by activating IL-6
in fibroblasts in the distal lung tissue in our model (data not shown),
which may be another mechanism leading to the inhibition of T cell

function and thus promoting the formation of PMN.

4.4 | Circulating LC3* EV number and
membrane-bound HSP60 as potential biomarkers of
lung metastasis

Membrane-bound HSP60 on tumor-derived EVs, such as exosomal
HSP60, has been reported capable of binding a variety of receptors
present on the surface of cells, such as TLRs, and has the potential to
be used as a biomarker for the diagnosis in a variety of cancers.?4°
In line with this finding, our study showed that membrane-bound
HSP60 on cLC3* EVs was crucial in lung fibroblast stimulation by
binding TLR2. Moreover, cLC3" EV number in plasma and HSP60
level on cLC3" EVs were associated with progression and lung me-
tastasis in BC patients. Notably, due to their bigger size (200-900nm
vs 40-100nm for exosomes), LC3* EVs could be easily quantified by
FCM. Thus, from the view of technical convenience, the number of
cLC3* EVsand HSP60 level on cLC3" EV in the plasma are suitable bi-
omarkers in clinical application. Future clinical studies are warranted
to investigate if these two biomarkers could be used to predict lung

metastasis or monitor the therapeutic effects in BC patients.

4.5 | Inhibiting HSP60 on cLC3" EVs might be an
alternative antitumor strategy

It has been shown that HSP60 is mostly released by tumor cells but
not by normal cells.*! Consistently, we found abundant amount of
HSP60 in LC3* EVs released by tumor cells, so that the presence
of HSP60 on cLC3* EVs may reflect tumorigenicity. Moreover, the
circulating feature of cLC3*EVs might readily explain their tumo-
rigenicity role throughout the body. It has been proved that CCL2
promotes tumor progression mainly by inducing proliferation and
migration of tumor cells*? and recruitment of Mo and MDSCs.3233
Although the roles of CCL2 in cancer progression have been under-
stood gradually, drugs modulating the CCL2-CCR2 axis as anticancer
agents are clinically not available except for administration in clini-
cal trials. The CCL2-CCR2 axis functions physiologically in various
organs such as the lungs and digestive tract, where a variety of im-
mune cells accumulate, so that direct blockade of the CCL2-CCR2

= 3415
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axis potentially causes unexpected effects. Our study revealed that
inhibiting HSP60 could partially attenuate CCL2 secretion, indicat-
ing that inhibiting HSP60 on cLC3* EVs might be an alternative anti-
tumor strategy through reducing CCL2 production.
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