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ABSTRACT
Background  Neutrophils-linked premetastatic niche plays 
a key role in tumor metastasis, but not much is known 
about the heterogeneity and diverse role of neutrophils 
in niche formation. Our study focuses on the existence 
and biological function of a rarely delved subset of 
neutrophils, named as tumor-associated aged neutrophils 
(Naged, CXCR4+CD62Llow), involved in premetastatic niche 
formation during breast cancer metastasis.
Methods  We explored the distributions of Naged 
in 206 patients and mice models (4T1 and MMTV-
PyMT) by flow cytometry. The ability of Naged to form 
neutrophil extracellular traps (NETs) and promote tumor 
metastasis in patients and mice was determined by 
polychromatic immunohistochemistry, scanning electron 
microscopy and real-time video detection. Furthermore, 
the differences among tumor-associated Naged, Non-
Naged and inflammation-associated aged neutrophils 
were compared by transcriptome, the biological 
characteristics of Naged were comprehensively analyzed 
from the perspectives of morphology, the metabolic 
capacity and mitochondrial function were investigated 
by Seahorse, co-immunoprecipitation (Co-IP), chromatin 
immunoprecipitation (ChIP) and transmission electron 
microscopy (TEM). Finally, 120 patients’ sample were 
applied to confirm the acceleration of Naged formation 
through secreted NAMPT, and the importance of blocking 
this pathway in mice was evaluated.
Results  We find that Naged accumulate in the lung 
premetastatic niche at early stage of breast tumorigenesis 
in multiple mice models and also exist in peripheral blood 
and metastatic lung of patients with breast cancer. Naged 
exhibit distinct cell marker and morphological feature 
of oversegmented nuclei. Further transcriptome reveals 
that Naged are completely different from those of Non-
Aged or inflammation-associated aged neutrophils and 
illustrates that the key transcription factor SIRT1 in Naged 
is the core to maintain their lifespan via mitophagy for 
their function. The responsible mechanism is that SIRT1 
can induce the opening of mitochondrial permeability 
transition pore channels to release mitochondrial DNA and 
lead to the mitochondria-dependent vital NETs formation, 
rather than traditional Cit-Histone H3 dependent 
fatal-NETs. Further mechanically investigation found 
tumor derived NAMPT could induce Naged formation. 
Additionally, therapeutic interventions of Naged and its 

formation-linked pathways could effectively decrease 
breast cancer lung metastasis.
Conclusions  Naged exerts a vital role in breast cancer 
lung metastasis, and strategies targeting SIRT1-Naged-
NETs axis show promise for translational application.

BACKGROUND
Metastasis is the leading cause of death in 
patients with cancer. Distant organs undergo 
necessary changes to create a local micro-
environment suitable for tumor cell colo-
nization, called the ‘premetastatic niche’, 
which has been deemed a pivotal stage of 
tumor metastasis.1–3 Currently, the forma-
tion of the premetastatic niche is postu-
lated to be driven by primary tumors and 
involves stromal elements.1 4–8 Among these 
components, neutrophils have been shown 
to play a key role in premetastatic niche 
formation.9–12 The antitumor and protumor 
effects of neutrophils have long been a topic 
of discussion.9 13 Neutrophils are classified 
into N1-like/N2-like neutrophils according 
to their functional properties and low-
density neutrophils (LDNs)/high-density 
neutrophils (HDNs) according to their cell 
density.14–16 Subsequently, various new subsets 
of tumor-infiltrating neutrophils and novel 
functions have continued to be discovered.

Neutrophil extracellular traps (NETs) are 
unique extracellular network structures that 
are produced by neutrophils and consist of 
DNA, histones and granular contents. NETs 
are first discovered in infectious inflamma-
tion, exerting a bactericidal effect via anti-
bacterial granules.17 NETs have also been 
found to play important roles in aseptic 
inflammatory diseases such as gout, cystic 
fibrosis, type 1 diabetes, rheumatoid arthritis, 
pre-eclampsia and tumors.18 Previous studies 
found that NETs exerted antitumor effects.19 
However, subsequent studies revealed that 

http://bmjopen.bmj.com/
http://orcid.org/0000-0002-7474-2950
http://dx.doi.org/10.1136/jitc-2021-002875
http://dx.doi.org/10.1136/jitc-2021-002875
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2021-002875&domain=pdf&date_stamp=2021-10-22


2 Yang C, et al. J Immunother Cancer 2021;9:e002875. doi:10.1136/jitc-2021-002875

Open access�

NETs enhance tumor progression by affecting the endo-
thelium, platelets, and the extracellular matrix and even 
changing the tumor cells themselves.20–25

As the energy factory of the cell, mitochondria are 
important organelles for cells to maintain their homeo-
stasis and function. But, mitochondria have long been 
neglected in neutrophil research because neutrophils are 
generally regarded as oligomitochondrial cells.26 Since 
2004, the role of mitochondria in the apoptosis of neutro-
phils mediated by the Caspase pathway has been studied 
extensively.27–29 According to a subsequent study, imma-
ture c-Kit+ neutrophils rely on oxidative phosphorylation 
(OXPHOS).30 Mitochondria have also been reported 
to participate in neutrophil differentiation, maturation 
and activation.31–34 Furthermore, the chemotaxis and 
polarization of neutrophils are also thought to involve 
mitochondria.35 36 Recently, the role of mitochondria in 
NETs began to be discovered in lupus-like diseases.37 38 
However, the role of mitochondria in neutrophils located 
in the tumor premetastatic niche remains unclear.

In our study, we found that a group of aged neutrophils 
(CXCR4+CD62Llow) accumulated in the lung premet-
astatic niche of breast cancer and captured tumor cells 
by generating vital NETs. Further mechanistic studies 
revealed that vital NETs formation depended on SIRT1 
activation in neutrophils via NAMPT secreted by the 
primary tumor. This novel mechanism of vital NETs was 
regulated by mitochondrial DNA. Strategies targeting the 
aged neutrophil-SIRT1-vital NET pathway may effectively 
inhibit the lung metastasis of breast cancer and provide 
new ideas for tumor treatment.

MATERIALS AND METHODS
Specimen acquisition and processing
The heparin-anticoagulated human peripheral blood 
(PB) sample was centrifuged to separate blood cells from 
plasma. Blood cells were then lysed with lysis buffer for 
15 min (BD Biosciences, #349202) to remove erythro-
cytes and washed twice with phosphate buffered saline 
(PBS) and resuspended in PBS for uses in subsequent 
experiments.

Mouse specimens were processed at 9:00 hours to 
prevent the effect of the physiological circadian rhythm.39 
Bone marrow cells (BMCs) were obtained from the tibia 
and femur and impurities were subsequently removed 
using a 40 µm cell strainer (BD FALCON, #352340). PB 
was collected from the retro-orbital vein and then lysed 
for 15 min. A single cell suspension of primary tumor 
and lung tissues was obtained by mincing and digesting 
in serum-free RPMI-1640 medium containing 1 mg/mL 
collagenase IV (Sigma-Aldrich, #V900893) in a 37°C 
shaking incubator for 2 hours, followed by filtration 
through a 40 µm cell strainer.

Flow cytometry and fluorescence-activated cell sorting
For cell surface marker staining, the cell suspension 
was incubated with FcR Blocking Reagent (BioLegend, 

#101 319 for mice sample and #422 301 for human 
sample) followed by incubation with a mixture of 
fluorochrome-conjugated anti-mouse monoclonal Abs 
specific for CD45 (Clone 30-F11, #103116), CD11b 
(Clone M1/70, #101216), Ly-6G (Clone 1A8, #127 614 
and #127606), CD62L (Clone MEL-14, #104408), CXCR4 
(Clone L276F12, #146507), CD3ε (Clone 145–2 C11, 
#100320), CD4 (Clone RM4-5, #100510), CD8 (Clone 
53–6.7, #100734), CD19 (Clone 6D5, #115508), CD49b 
(Clone DX5,.#108910), and F4/80 (Clone BM8, 
#123110) or anti-human monoclonal Abs specific for 
CD45 (Clone HI30, #304014), CD11b (Clone ICRF44, 
#301322), CD66b (Clone G10F5, #305104), CD62L 
(Clone DREG-56, #304806), and CXCR4 (Clone 12G5; 
#306510, all from BioLegend). Samples were incubated 
in the dark for 20 min at 4°C, and washed twice with 
cell staining buffer (Biolegend, #420201). For intracel-
lular staining, cells were fixed and permeabilized using 
the Fixation and Permeabilization Solution (BD Biosci-
ences, #554722). Subsequently, cells were stained with 
fluorophore-conjugated antibodies specific for inter-
feron γ (IFN-γ) (BioLegend, Clone XMG1.2, #505850) 
and interleukin 2 (IL-2) (BioLegend, Clone JES6-5H4, 
#503808) and incubated in the dark for 30 min at 4°C. 
For intranuclear staining, The True-Nuclear Transcrip-
tion Factor Buffer Set (BioLegend, #424401) was used to 
label transcription factors according to the manufactur-
er’s instructions. Then, mAbs specific for κIRF8 (eBiosci-
ence, Clone V3GYWCH, #12-9852-82), phospho-STAT3 
(eBioscience, Clone LUVNKLA, #12-9033-42), phospho-
STAT5 (eBioscience, Clone SRBCZX, #12-9010-42), and 
ROR gamma (t) (eBioscience, Clone AFKJS-9, #12-6988-
82) were added and incubated in the dark for at least 
30 min at room temperature (RT).

Data were acquired with a FACSCanto II flow cytometer 
(BD Biosciences, USA) and analyzed with FlowJo software 
(V.10.0 for Windows, Tree Star).

For fluorescence-activated cell sorting (FACS), the 
single cell suspension was sorted with a FACSAria II cell 
sorter (BD Biosciences, USA).

Magnetic isolation of neutrophils
Mouse neutrophils were isolated by Mouse Neutrophil 
Isolation Kit (Miltenyi, #130-097-658). Briefly, 50 µL of 
the Neutrophil Biotin-Antibody Cocktail were added to 
200 µL of a cell suspension (5×107 total cells in Magnetic-
Activated Cell Sorting (MACS) buffer) and incubated 
for 15 min at 4°C. After washes with MACS buffer two 
times, 100 µL of Anti-Biotin MicroBeads were added to 
400 µL of the cell suspension. An LS column and Midi-
MACS separator (Miltenyi) were applied for subsequent 
magnetic sorting.

Human PB-derived neutrophils were isolated by EasySep 
Direct Human Neutrophil Isolation Kit (STEMCELL, 
#19666). The isolation antibody cocktail (50 µL/1 mL 
whole blood) and RapidSpheres beads (50 µL/1 mL 
whole blood) were added to whole blood and incubated 
for 5 min at RT successively. Then, isolation buffer was 
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added to the cell suspension to bring the volume to 
10 mL, and the tube was placed in the EasySep Magnets 
(STEMCELL Technologies) for 5 min. The enriched cell 
suspension was collected in a new tube and incubated 
with RapidSpheres beads (50 µL/mL) for another 5 min. 
A second separation with EasySep Magnets for 5 min 
was performed, and the enriched cell suspension was 
collected for subsequent in vitro induction.

Measurement of neutrophil bioenergetics
Neutrophil adherence was achieved by plating sorted 
neutrophils in Seahorse assay media containing 2 mM 
glutamine and 25 mM glucose and spinning at the lowest 
acceleration to 45×g followed by natural deceleration. 
Lung aged and non-aged neutrophils obtained by FACS, 
primary control neutrophils and SRT1720-induced 
neutrophils were seeded at a density of 0.3 × 106 cells per 
well and incubated for 40 min at 37°C without CO2. The 
oxygen consumption rate (OCR) (Agilent Technologies, 
#1 03 275–100) and glycolysis rate (Agilent Technologies, 
#1 03 344–100) were analyzed at 37°C without CO2 using 
the Seahorse XFe96 Analyzers (Agilent Technologies, 
CA) according to the manufacturer’s instructions. Port 
additions and times were performed as indicated in the 
figure.

RESULTS
Naged accumulate in the lung premetastatic niche at early 
stage of breast tumorigenesis, promoting lung metastasis
In an orthotopic inoculation model using 4T1 tumor 
cells, the percentages of the major infiltrating immune 
cell subsets in the lung tissue were reduced during tumor 
progression, except for neutrophils (figure 1A and online 
supplemental figure 1A,B). Similar results were also 
obtained from the MMTV-PyMT model of spontaneous 
breast cancer (online supplemental figure 1C). Consid-
ering premetastatic niche formation is an early stage 
of tumor metastasis, the Ly-6G mAb was administered 
at different tumor stages (online supplemental figure 
1D,E). In both models, the early depletion of neutrophils 
effectively reduced lung metastasis, but a late intervention 
was ineffective (figure 1B). The nucleus morphology of 
lung-infiltrating neutrophils was a combination of round, 
horseshoe and lobulated shapes, but the cells mainly 
exhibited a lobulated shape during the period of niche 
formation (figure  1C and D and online supplemental 
figure 1F). Lobulated neutrophils were first defined as 
aged neutrophils (CD45+CD11b+Ly-6G+CXCR4+CD62Llo, 
Naged) in inflammation in 2013.39 The percentage of 
Naged was significantly increased in the PB and lung in 
the 4T1 model and MMTV-PyMT model (figure  1E–G 
and online supplemental figure 1G,H). We also detected 
neutrophils in the PB from patients with newly diagnosed 
breast cancer and found that both Naged and non-aged 
neutrophils were present (figure  1H). Furthermore, 
patients with breast cancer, particularly triple negative 
breast cancer (TNBC), had higher proportion of Naged 

in their PB than patients with breast fibroadenoma, after 
excluding the influence of patients’ age (figure 1I and J 
and online supplemental figure 2A–D).

Naged promote lung metastasis by capturing tumor cells via 
NETs
NETs were classic mechanisms for killing harmful micro-
organisms, but Naged did not affect the proliferation of 
tumor cells nor did they kill tumor cells (online supple-
mental figure 2E,F). Instead, Naged captured tumor cells 
though NETs in vivo and in vitro (figure 2A,B). Further-
more, we showed in a video how Naged capture tumor 
cells (online supplemental movie 1,2).

Moreover, Naged were in direct contact with tumor 
cells through NETs in the mouse metastatic lung tumors 
(figure  2C). Lung metastatic lesions from patients with 
breast cancer showed that Naged formed more NETs 
than normal lung tissues (figure  2D–F and online 
supplemental figure 2G). An in vivo imaging study was 
performed to further show that the Naged captured tumor 
cells and promoted their retention in the lung (online 
supplemental figure 2H,I), and the results revealed a 
significantly weaker fluorescence intensity in the lungs 
of naive mice than in the lungs of tumor-bearing mice 
(online supplemental figure 2J). In addition, Naged and 
non-aged neutrophils were equally injected into tumor-
bearing mice, respectively. Then, luciferase-expressing 
tumor cells were injected into those two groups, and 
imaging revealed stronger fluorescence intensity in the 
Naged group (figure  2G). A similar phenomenon was 
also observed in nude mice, suggesting that the effect is 
independent of T cells.

Naged are a unique subset of neutrophils
Whole transcriptome sequencing of inflammation-
associated aged neutrophils, tumor-associated aged 
neutrophils (Naged) and paired non-aged neutrophils 
from lung tissues was performed to further investigate 
the properties of these neutrophil subsets. The tran-
scriptomes of these three groups of cells were completely 
distinct (figure  3A), while the results has been verified 
using RT-PCR (online supplemental figure 3A,B). Based 
on the functional cluster analysis, these three groups of 
neutrophils had their own unique transcriptomic char-
acteristics (online supplemental figure 3C,D). Then, we 
focused on the differences between Naged and non-aged 
neutrophils derived from tumor-bearing mice (figure 3B). 
Further analysis revealed that Naged could not be clas-
sified as N1-like or N2-like tumor-associated neutrophils 
(figure 3C and online supplemental figure 3E). Given the 
strong immunomodulatory effect of Naged, we wondered 
about their association with classical polymorphonu-
clear myeloid-derived suppressor cells (PMN-MDSCs), 
which possess a potent immunosuppressive ability. The 
method used to separate neutrophils from PMN-MDSCs 
in tissue was gradient centrifugation.40 PMN-MDSCs are 
enriched in areas of low density, whereas neutrophils are 
high-density cells.16 Consistent with the finding reported 
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Figure 1  (Continued)



5Yang C, et al. J Immunother Cancer 2021;9:e002875. doi:10.1136/jitc-2021-002875

Open access

by Sagiv, LDNs had a larger FSC than HDNs. However, 
no significant differences in the proportion of Naged 
were observed between LDNs and HDNs (figure 3D and 
online supplemental figure 3F), suggesting that the clas-
sification of the aged/non-aged neutrophils was different 
from the density classification. Naged had a clear immu-
nosuppressive function, but it was not as prominent as 
LDNs (figure  3E–G and online supplemental figure 
3G). In addition, according to the study by Dmitry,40 the 
biochemical and molecular parameters associated with 
characteristic MDSC functions were compared between 
LDNs and Naged (online supplemental table 1). Based 
on these data, Naged may have different roles from PMN-
MDSCs during tumor metastasis.

The SIRT1-C/EBPε-Lamin B receptor axis regulates the 
oversegmentation of Naged
The transcriptome sequencing results showed that the 
crucial transcription factor determining Naged was SIRT1 
(figure 4A and B), and SIRT1 expression was upregulated 
in Naged from both mice and humans (figure 4C). Further-
more, the proportion of Naged increased with treatment 
with increasing concentrations of the commonly used 
SIRT1 agonist SRT1720 in vitro (figure  4D),41 and the 
neutrophil nucleus morphology changed from round to 
oversegmented (figure 4E). Previous research considered 
the nuclear membrane protein Lamin B receptor (LBR) 
could promote neutrophil nucleus lobulation.42 LBR was 
not only highly abundant in the Naged (figure 4F,G) but 
also regulated by SIRT1 (figure  4H and online supple-
mental figure 4A). In order to determine the effect of 
LBR on neutrophils, we attempted to knock out LBR in 
BM-derived neutrophils. Prior to the experiment, BM 
neutrophils were pretreated with GM-CSF to extend their 
lifespan, which did not affect the expression of CD62L, 
the nucleus morphology of the cells, or LBR expression 
(online supplemental figure 4B–D). The LBR-knockout 
neutrophils did not respond to SRT1720, and the propor-
tion of Naged remained steady (figure  4I,J and online 
supplemental figure 4E–G). C/EBPε was an important 
transcription factor that regulated LBR.43 However, 
SRT1720 did not affect the expression of C/EBPε but 

functioned as a deacetylase to reduce the level of C/EBPε 
acetylation (figure  4K and online supplemental figure 
4H). More importantly, C/EBPε effectively bound the LBR 
promoter to promote LBR transcription (figure  4L,M). 
Deacetylated C/EBPε more effectively bound the DNA at 
the LBR promoter, which might explain why SIRT1 could 
promote LBR expression and accelerate the formation of 
nuclear membrane folds.

SIRT1 prolongs the survival of Naged through mitophagy
Another important function of SIRT1 was to modu-
late cell metabolism. Both the OXPHOS (OCR) and 
glycolysis (glycolytic rate) levels of Naged were signifi-
cantly reduced compared with non-aged neutrophils 
(figure 5A,B and online supplemental figure 5A), while 
SIRT1 mainly affected the OCR of neutrophils (figure 5C 
and online supplemental figure 5B). The change in the 
OCR was mainly related to mitochondrial function. Using 
transmission electron microscopy, we not only observed 
oversegmentation of the nucleus but also autophagic 
vesicles inside the Naged, while enriched and complete 
mitochondria were detected in non-aged neutrophils 
(figure  5D). Furthermore, the autophagic activity of 
Naged was significantly increased (figure 5E) and regu-
lated by SRT1720 (figure  5F). Autophagy was divided 
into macroautophagy and microautophagy, and SIRT1 
mainly regulated mitophagy in neutrophils (figure 5G,H 
and online supplemental figure 5C,D). As predicted by 
the sequencing results, Naged had a longer lifespan than 
non-aged neutrophils (figure  5I,J), and the extended 
neutrophil longevity induced by SRT1720 was inhibited 
by Mdivi-1, an inhibitor of mitophagy (figure  5K).44 In 
summary, SIRT1 not only affects the mitochondrial energy 
metabolism of Naged but also prolongs the lifespan of the 
cells through mitophagy.

SIRT1 induces Naged to form mitochondria-dependent vital 
NETs via opening mitochondrial permeability transition pore 
channels
Using scanning electron microscopy, we found that 
Naged have the ability to form NETs (figure 6A), but the 
type of NET formed by these cells was different from the 

Figure 1  Naged accumulate in the lung premetastatic niche at early stage of breast tumorigenesis, promoting lung metastasis. 
(A) Flow cytometry analysis of weekly dynamic changes of neutrophils in PB and lung from the 4T1 model (left panel) and 
MMTV-PyMT model (right panel). (B) H&E staining and quantification of lung metastasis after treatment with or without the Ly-
6G mAb at different stages of tumor progression in the 4T1 model (left panel) and MMTV-PyMT model (right panel). Scale bar, 
1 mm. (C, D) Representative transmission electron microscopy (TEM) images (C) and quantification (D) of different neutrophil 
nucleus morphology in the lungs from 4T1 tumor-bearing mice at 2 weeks after tumor cell inoculation and 9-week-old MMTV-
PyMT mice determined using Giemsa staining. Scale bar, 1 µm. (E–G) Flow cytometry analysis (E) and quantification of weekly 
dynamic changes in PB and lung-infiltrating aged and non-aged neutrophils in the 4T1 model (F) and MMTV-PyMT model (G). 
(H) Representative images and quantification of Giemsa staining showing the nucleus morphology of neutrophils in PB from 
patients with breast cancer. Scale bar, 5 µm. (I) Quantification of aged neutrophils in PB from patients with breast fibroadenoma 
and breast cancer. (J) Quantification of aged neutrophils in PB from patients with different molecular types of breast cancer. 
Data are presented as the means±SD from one representative experiment. Similar results were obtained from three independent 
experiments, unless indicated otherwise. Statistical analysis was performed by two-tailed unpaired Student’s t-test (B), Mann-
Whitney U tests (I) and one-way ANOVA (A, F, G, J). *p˂0.05, **p˂0.01, and ***p˂0.001. ANOVA, analysis of variance; ns, not 
significant; PB, peripheral blood; TNBC, triple negative breast cancer.
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classic network structure in neutrophils.45 PMA induced 
the formation of the most classic type of NETs, and this 
process depended on the Nox-PAD4 signaling pathway.46 
However, neither Nox nor PAD4 was activated during 
Naged NET formation (online supplemental figure 
6A,B). Moreover, the effector protein Cit-HistoneH3 
was not upregulated (online supplemental figure 6C). 
Therefore, we further observed the NETs induced by 
SRT1720 and PMA, respectively (figure 6B). The PMA-
induced NETs were cloud-like, while SRT1720 induced 
the formation of needle-like NETs. Moreover, the Nox 
inhibitor apocynin suppressed the PMA-induced forma-
tion of NETs but not SRT1720-induced NET formation 
(online supplemental figure 6D). More importantly, 
the neutrophils were all dead after PMA induction, and 
their cell membranes were ruptured. After the SRT1720 
intervention, the neutrophils remained intact, except 
for the formation of mitophagosomes (online supple-
mental figure 6E,F). Interestingly, SRT1720-induced 
NETs contained mitochondrial components but not Cit-
HistoneH3, while PMA-induced NETs contained both of 
these components (figure 6C and online supplemental 
figure 6G). A further examination of the DNA compo-
nents of neutrophil NETs revealed that both SRT1720 
and PMA increased the amount of cell-free dsDNA 
(cfDNA) in cultured supernatants (online supple-
mental figure 6H); mitochondrial DNA dominated after 
SRT1720 induction, while nuclear DNA dominated 
after PMA induction (figure 6D and E). Therefore, we 
detected the pore channels of mitochondria on neutro-
phils and found that the mitochondrial permeability 
transition pore (mPTP), the large pore channels of mito-
chondria, were opened by SRT1720 (figure 6F), which 
was presumed to be the outlet of mitochondrial DNA.46 
Ciclosporin A and TRO19622, used as mPTP inhibitors, 
inhibited SRT1720-induced NET formation and reduced 
the cfDNA content (figure  6G,H and online supple-
mental figure 6I). Thus, SIRT1 induces the formation of 
a new type of vital NET that depends on mitochondria, 

which is clearly different from PMA-induced NETs and 
do not depend on the PAD4 signaling pathway.

Tumor-secreted NAMPT is responsible for the expression of 
SIRT1 on Naged, promoting premetastatic niche formation
Neutrophils are mainly derived from BM hematopoietic 
stem cells (HSCs). In order to further prove the role of 
SIRT1 in regulating Naged in vivo, we transfected the 
HSCs with shSIRT1-1 lentivirus, of which the knock-down 
efficiency had been confirmed in vitro, and those shSIRT1-
HSCs were transplanted into irradiated recipient mice for 
reconstruction (online supplemental figure 7A,B). We 
found that the SIRT1 expression of BMCs was significantly 
declined in the shSIRT1-HSC transplantation (HSCT) 
group (online supplemental figure 7C,D). Neutrophils 
in the lung tissue of the 2-week tumor-bearing mice were 
decreased slightly in the shSIRT1 HSCT group (online 
supplemental figure 7E). More importantly, Naged were 
significantly reduced (figure 7A), along with the decrease 
of oversegmented nucleic neutrophils and less NETs 
formation (figure 7B and C). It was also found that the 
key proteins SIRT1, LBR, and LC3B-II expression of lung-
infiltrating neutrophils in the shSIRT1 HSCT group were 
all downregulated,which explained the importance of the 
SIRT1-LBR-LC3B pathway (figure 7D). Furthermore, we 
observed that lung metastasis of the shSIRT1 HSCT group 
was significantly reduced, indicating that the BM-derived 
SIRT1 played an important role in regulating Naged and 
promoting breast cancer lung metastasis (figure 7E).

NAMPT is a rate-limiting enzyme that converts nicotin-
amide into nicotinamide adenine dinucleotide (NAD+), 
which in turn activates NAD+-dependent protein deacety-
lases called sirtuins that regulate multiple cellular func-
tions.47 High expression of NAMPT was significantly 
associated with a poor prognosis of patients with breast 
cancer during an analysis of the TCGA database (figure 7F 
and online supplemental figure 7F). Therefore, we 
performed and analyzed immunohistochemical staining 
in samples from 100 patients with breast tumor and found 

Figure 2  Naged promote lung metastasis by capturing tumor cells via NETs. (A) Images of immunofluorescence staining (left 
panel) and SEM (right panel) of NETs produced by aged and non-aged neutrophils in the lungs of 2 weeks tumor-bearing mice. 
Red, Sytox Orange. Green, GFP). Scale bar, 50 µm. (B) SEM images of aged neutrophils in the lungs of 2 weeks tumor-bearing 
mice. Scale bar, 2 µm. (C) Multiplex Immunohistochemistry analysis of lung metastasis in tumor-bearing mice showing the 
relationship of tumor cells (green) and aged neutrophil (without red). Aged neutrophils were identified as Ly-6G+CD62Llo cells 
(lower left panel) and tumor cells were identified as GFP+ cells. NETs were labeled with NE (neutrophil elastase). Scale bar, 
10 µm. (D, E) Multiplex Immunohistochemistry analysis of relatively normal lung (D) and metastatic lung (E) tissues from patients 
with breast cancer showing the relationship of breast cancer cells (green) and aged neutrophils (without red). Aged neutrophils 
were identified as MPO+CD62Llo cells (lower left panel). Tumor cells and pulmonary epithelial cells were identified as pan-
cytokeratin+ cells. NETs were labeled with NE. Scale bar, 10 µm. (F) Quantification of aged neutrophils (left panel) and NETs (right 
panel) in relatively normal lung and metastatic lung tissues from patients with breast cancer. (G) Representative bioluminescent 
images and quantitative analysis of the lungs of 2 weeks tumor-bearing BALB/c mice (left panel) and nude mice (right panel) 
injected with luciferase-expressing 4T1 tumor cells after the injection of aged or non-aged neutrophils. Data are presented as 
the means±SD from one representative experiment. Similar results were obtained from three independent experiments, unless 
indicated otherwise. Statistical analysis was performed by two-tailed unpaired Student’s t-test (F, G). *p˂0.05, **p˂0.01, and 
***p˂0.001. GFP, green fluorescent protein; NETs, neutrophil extracellular traps; ns, not significant.
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Figure 3  Naged are a unique subset of neutrophils. (A) Principal component analysis (PCA) (left panel) and Volcano Plot 
(right panel) of RNAseq of the tumor-associated aged neutrophils, tumor-associated non-aged neutrophils and inflammatory-
associated aged neutrophils. Each dot of Volcano Plot representing a gene and genes significantly upregulated in red and 
downregulated in blue. (B) Heat map of Normalized Enrichment Scores (NES) for selected pathways in tumor-associated aged 
and non-aged neutrophils. Red, upregulated; blue, downregulated. (C) Analysis of changes in the expression of N1-like and 
N2-like genome mRNAs of tumor-associated aged neutrophils compared with non-aged neutrophils. (D) Percentage of aged 
neutrophils among lung HDNs (high-density neutrophils) and LDNs (low-density neutrophils). (E) Percentage of proliferating 
CFSE-labeled CD3+T cells when co-cultured with lung HDNs, LDNs, lung aged or non-aged neutrophils from 2 weeks tumor-
bearing mice. Bone marrow (BM)-derived neutrophils from tumor-bearing mice served as a positive control. (F, G) Flow 
cytometry analysis of IL-2 production by CD4+T cells (F) and IFN-γ production by CD8+T cells (G) when cocultured with lung 
LDNs, HDNs, aged or non-aged neutrophils and BM-derived neutrophils. Data are presented as the means±SD from one 
representative experiment. Similar results were obtained from three independent experiments, unless indicated otherwise. 
Statistical analysis was performed by two-tailed unpaired Student’s t-test (D) and one-way ANOVA (E, F, G). *p˂0.05, ***p˂0.001. 
ANOVA, analysis of variance; CFSE, carboxyfluorescein succinimidyl ester; IFN-γ, interferon γ; IL-2, interleukin 2; ns, not 
significant; ROS, reactive oxygen species.
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that compared with tissues from breast fibroadenoma, 
tissues from breast cancer expressed NAMPT at high levels 
(figure 7G and online supplemental figure 7G,H), after 
excluding the influence of patients’ age (online supple-
mental figure 7I); these cells were predominantly located 
in the cancer nest rather than the adjacent normal tissues 
(online supplemental figure 7J). More importantly, 
the highest NAMPT expression was observed in TNBC 
(online supplemental figure 7K), and similar results were 
also obtained from patient serum (figure 7H and online 
supplemental figure 7L). NAMPT is an upstream protein 
of SIRT1, and recombinant NAMPT effectively induced 
SIRT1 expression in neutrophils (online supplemental 
figure 7M) and promoted their polarization to Naged, 
changes that were reversed by inhibitors of SIRT1, such 
as EX527 (figure 7I and J and online supplemental figure 
7N). NAMPT has recently been reported to be secreted 
by tumor cells and regulated by stress.48 Tumor cells 
from either mice or humans secreted NAMPT in the 
absence of serum (figure  7K and online supplemental 
figure 7O,P). Serum-free tumor cell culture supernatants 
(TCCS) rather than serum-containing TCCS induced the 
formation of Naged, and this effect was inhibited by the 
NAMPT inhibitor FK866 and the SIRT1 inhibitor EX527 
(figure 7L and online supplemental figure 7Q). In addi-
tion, although serum-free TCCS contained less cfDNA 
than serum-containing TCCS (online supplemental 
figure 7R), more cfDNA was detected after culturing the 
neutrophils under serum-free conditions (figure 7M).

Therefore, inhibitors of different stages of the pathway 
were administered to tumor-bearing mice, including 
FK866 to inhibit NAMPT, vitamin B3 to inhibit SIRT1, 
Mdivi-1 to inhibit mitophagy, TRO19622 to inhibit the 
open of mPTP channel, and DNase I to clear the formed 

NETs. We did not observe a significant difference in the 
tumor burden and splenic hyperactivity in the second 
week of intervention (online supplemental figure 8A). 
However, only the mice in the FK866 group exhibited 
significant weight loss. Further examinations revealed 
that these drugs had no effect on the BM mobilization 
of neutrophils, while Mdivi-1 reduced the number of 
neutrophils in the PB and lung, and FK866 produced the 
opposite effects (online supplemental figure 8B). More 
importantly, FK866, vitamin B3 and Mdivi-1 reduced Naged 
accumulation in the lung to different degrees (figure 7N 
and online supplemental figure 8C). When neutrophils 
were sorted from the lung tissue of mice in each group, 
their abilities to form NETs were reduced in all groups, 
except the DNaseI group (online supplemental figure 
8D), which formed NETs that were cleared in vitro after 
treatment with supplemental DNaseI (online supple-
mental figure 8E). After long-term intervention, tumor 
metastasis was reduced to different degrees (figure 7O). 
Considering the effect of FK866 on body weight, 4T1-sh-
NAMPT tumor cells were established to determine the 
mechanism by which tumor-secreted NAMPT regulated 
Naged and lung metastasis (online supplemental figure 
8F). Reduced NAMPT expression was verified in tumors 
in vivo (online supplemental figure 8G), but no signif-
icant difference in the tumor burden was observed in 
the early stage (online supplemental figure 8H). We also 
detected decreased mobilization of neutrophils in the 
BM and increased numbers of neutrophils in the lungs of 
the shNAMPT group (online online supplemental figure 
8I). More importantly, the Naged population was signifi-
cantly reduced in the lung (figure 7P), and tumor metas-
tasis was also significantly reduced (figure 7Q). Based on 
these results, tumor-secreted NAMPT may be a key factor 

Figure 4  The SIRT1-C/EBPε-Lamin B receptor (LBR) axis regulates the oversegmentation of Naged. (A) Protein network 
analysis of RNAseq of differentially expressed transcription factors in tumor-associated aged and non-aged neutrophils. (B) 
Analysis of the mRNA expression of SIRT1 in lung aged and non-aged neutrophils from 2 weeks tumor-bearing mice. (C) Levels 
of the SIRT1 protein in aged and non-aged neutrophils in the PB from patients with breast cancer and lung from 2 weeks 
tumor-bearing mice. (D) Flow cytometry analysis (left panel) and quantification (right panel) of aged neutrophils in the PB from 
patients with breast fibroadenoma (upper panel) and BM from naïve mice (lower panel) treated with different concentrations of 
SRT1720 for 4 hours in vitro. (E) Representative images and quantification of Giemsa staining showing the nucleus morphology 
of neutrophils in PB from patients with breast fibroadenoma (upper panel) and BM from naïve mice (lower panel) treated with 
SRT1720 for 4 hours in vitro. Scale bar, 5 µm. (F) levels of the LBR protein in aged and non-aged neutrophils in the PB from 
patients with breast cancer and lung of 2 weeks tumor-bearing mice. (G) Cellular immunofluorescence staining of aged and non-
aged neutrophils from the PB of patients with breast cancer and lung of 2 weeks tumor-bearing mice. Blue, DAPI. Red, LBR. 
Green, α-tubulin. Scale bar, 2 µm. (H) Levels of the LBR protein on neutrophils in PB from patients with breast fibroadenoma and 
BM of naïve mice treated with SRT1720 for 4 hours in vitro. (I, J) Flow cytometry analysis (I) and Giemsa staining of the nucleus 
morphology (J) of siControl-transfected and siLBR-transfected neutrophils derived from the BM of naive mice treated with 
SRT1720 for 4 hours in vitro. Scale bar, 5 µm. (K) Co-immunoprecipitation analysis of the acetylation of C/EBPε in neutrophils 
from the BM of naïve mice treated with SRT1720 for 4 hours in vitro. (L) Three primer sets in the LBR locus used to amplify 
chromatin immunoprecipitation (ChIP)’d DNA. (M) Distribution of C/EBPε at the LBR locus. C, Control. S, SRT1720. ChIP assays 
were performed using C/EBPε. ChIP’d DNA was analyzed using qPCR. The bar graph shows the ratios of ChIP’d DNA signals 
(normalized to IgG). Data are presented as the means±SD from one representative experiment. Similar results were obtained 
from three independent experiments, unless indicated otherwise. Statistical analysis was performed by two-tailed unpaired 
Student’s t-test (B, E, G, J, M), paired Student’s t-test (C, F) and one-way ANOVA (D, H, I, K). *P˂0.05, **p˂0.01, and ***p˂0.001. 
ANOVA, analysis of variance; BM, bone marrow; ns, not significant; PB, peripheral blood.
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that activates SIRT1 to polarize neutrophils to Naged and 
form mitochondria-dependent NETs to promote the lung 
metastasis of breast cancer.

DISCUSSION
The expression level of CD62L on the surface divides 
neutrophils into three subsets: CD62Llow, CD62Lmid and 
CD62Lhi neutrophils, which performs different functions. 
Aged neutrophils were commonly defined as CXCR4hiC-
D62Llow and non-aged neutrophils were CXCR4+CD62Lhi 
39. Previous studies have suggested that the expression of 
surface CXCR4 by neutrophils is an important cause of its 
chemotaxis to lung tissue. CD62L, as an adhesion mole-
cule, plays a role in determining activation state,49 and 
has been found to help defining the maturation state of 
neutrophils.39 Therefore, our study pays more attention 
to whether CD62L on neutrophils can be used to differ-
entiate the senility of neutrophils.

Neutrophils mature and exit from the BM, then age and 
subsequently are cleared by local macrophages or return 
to the BM to maintain myeloid cell stability. According to 
previous studies, aged neutrophils display impaired migra-
tion, decreased proinflammatory effects, and are waiting 
to be cleared.50 Subsequently, Uhl et al51 found that aged 
neutrophils moved faster and were the first responders 
to inflammation. Zhang et al52 further confirmed that 
the proinflammatory activity of neutrophils positively 
correlated with their aging in the circulation. Subsequent 
studies illustrated that the persistence of aged neutro-
phils was responsible for lingering inflammation in 

individuals with pulmonary fibrosis.53 However, the role 
of aged neutrophils in tumors was unclear. We first docu-
mented that tumor-associated aged neutrophils (Naged) 
significantly accumulated in the lung tissue during the 
niche formation period. More importantly, the transcrip-
tomic characteristics of these Naged neutrophils were 
completely different from tumor-associated non-aged 
neutrophils or inflammation-induced aged neutrophils. 
Furthermore, as predicted by the sequencing results, 
we found the survival of Naged was prolonged due to 
proapoptotic genes downregulation and antiapoptotic 
genes upregulation. The expression of adhesion-related 
proteins was increased in Naged. Notably, the capacities 
of angiogenesis and immunosuppressive cells recruitment 
were significantly increased, and the levels of chemokines 
and inflammatory responses were altered, indicating that 
Naged are an important participant in tumor metastasis.

Reminiscent of the classification of M1/M2 macro-
phages, neutrophils are also classified into N1 and N2 
types.15 Another classic model for studying neutrophil 
heterogeneity is the LDN and HDN dichotomy.16 LDNs 
are more similar to PMN-MDSCs because of their immu-
nosuppressive function, while HDNs are superior at killing 
tumor cells. As shown in our study, Naged did not belong 
to the N1 or N2 types, based on a comparison of known 
characteristic N1/N2 genes. In addition, Naged were not 
typical PMN-MDSCs, and their inhibitory effects on T cell 
proliferation or the secretion of IFN-γ and IL-2 were not 
as prominent as LDNs. More importantly, the proportion 
of Naged was equivalent in LDNs and HDNs. A further 
analysis of the differences in expression of transcription 

Figure 5  SIRT1 prolongs the survival of Naged by inducing mitophagy. (A) Analysis of the cellular energy phenotype of aged 
and non-aged neutrophils from the lungs of 2 weeks tumor-bearing mice. (B) The oxygen consumption rate (OCR) of aged and 
non-aged neutrophils from 2 weeks tumor-bearing mice was measured under basal conditions and in response to treatment 
with the indicated drugs (1 µM Oligomycin, 1 µM FCCP, and 2.5 µM Rotenone and Antimycin A). (C) The OCR of neutrophils 
from the BM of naïve mice treated with SRT1720 was measured under basal conditions and in response to treatment with the 
indicated drugs (1 µM Oligomycin, 1 µM FCCP, and 2.5 µM Rotenone and Antimycin A). (D) Representative TEM images and 
quantification of the microvesicles (MV) of aged and non-aged neutrophils in PB from patients with breast cancer (left panel) 
and lung of 2 weeks tumor-bearing mice (right panel). Scale bar, 1 µm (left panel), 0.5 µm (right panel). The white arrow, MV. (E) 
Levels of the LC3B protein in aged and non-aged neutrophils in the PB from patients with breast cancer and lung of 2 weeks 
tumor-bearing mice. (F) Levels of the LC3B protein on neutrophils in the PB from patients with breast fibroadenoma and the 
BM of naïve mice treated with SRT1720 for 4 hours in vitro. (G) Flow cytometry analysis of mitophagy in neutrophils from the PB 
of patients with breast cancer and lung of 2 weeks tumor-bearing mice, in condition with pepstatin A and leupeptin (inhibitors 
of autophagy clearance) for 4 hours in vitro. (H) Flow cytometry analysis of mitophagy in neutrophils from the PB of patients 
with breast fibroadenoma (left panel) and the BM of naïve mice (right panel) treated with SRT1720, in condition with pepstatin 
A and leupeptin (inhibitors of autophagy clearance) for 4 hours in vitro. (I) Flow cytometry analysis of the survival of aged and 
non-aged neutrophils from the PB of patients with breast cancer and lung of 2 weeks tumor-bearing mice for 4 hours in vitro. (J) 
Flow cytometry analysis of the absolute living cells count of aged and non-aged neutrophils from the PB of patients with breast 
cancer and lung of 2 weeks tumor-bearing mice for 4 hours in vitro. APC labeled CD66b of human samples and Ly-6G of mice 
samples, neutrophils were presented at the left gate and counting beads at the right). (K) Flow cytometry analysis of the survival 
of neutrophils from the PB of patients with breast fibroadenoma and the BM of naïve mice treated with SRT1720 in the presence 
or absence of Mvidi-1 for 4 hours in vitro. Data are presented as the means±SD from one representative experiment. Similar 
results were obtained from three independent experiments, unless indicated otherwise. Statistical analysis was performed by 
repeated-measures ANOVA (B, C), two-tailed unpaired Student’s t test (D, G, I), paired Student’s t test (E), one-way ANOVA 
(F, H, K) and two-way ANOVA (J). *P˂0.05, **p˂0.01, and ***p˂0.001. ANOVA, analysis of variance; APC, allophycocyanin; 
BM, bone marrow; FCCP, carbonyl cyanide p-trifluoromethoxy-phenylhydrazone; MFI, mean fluorescence intensity; ns, not 
significant; PB, peripheral blood; TEM, transmission electron microscopy.
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factors related to MDSC function between Naged and 
LDNs/HDNs revealed that LDNs expressed more MDSC-
related transcription factors, while Naged did not, partic-
ularly factors associated with typical characteristics such as 
Arginase 1, reactive oxygen species, and reactive nitrogen 
species. Despite these results, it remains unclear whether 
these different populations represent bona fide subsets 
or simply activation/polarization states. Thus, we identify 
potential gaps in our knowledge that may further advance 
our current understanding of neutrophils heterogeneity 
by single cell sequencing of neutrophils.

The lobulated state of neutrophils are considered a 
sign of maturity.54 Researchers had worked to promote 
the maturation of neutrophils, particularly in leukemia. 
We found that the core transcription factor SIRT1 regu-
lated the lobulated state of tumor-associated neutrophils. 
Interestingly, the Lamin protein and the Lamin receptor 
on the nuclear membrane regulated nuclear compart-
mentalization, and high expression of LBR promoted the 
formation of nuclear membrane wrinkles and nuclear 
oversegmentation.55 We performed electroporation in 
vitro to knock out LBR in neutrophils and further demon-
strated the SRT1720-induced neutrophil oversegmenta-
tion was mediated by LBR. Unfortunately, ideal data from 
human neutrophils were unable to be obtained due to 
the low tolerance of human neutrophils to electropora-
tion. Furthermore, SIRT1 functioned as a deacetylase for 
C/EBPε, enabling it to bind the LBR-specific promoter 
locus to promote LBR transcription.

SIRT1 was considered a multifunctional transcription 
factor.56 In addition to its role as a deacetylase, it also regu-
lates various types of energy metabolism. Neutrophils had 
long been regarded as cells that lack mitochondria, and 
the production of their energy sources depended on the 
glycolysis and pentose phosphate pathways.57 However, 
accumulating evidences indicate that mitochondria in 

neutrophils were not as rare as reported and their OCR 
level was not low either, but we found that the OCR of 
Naged was limited comparing with non-naged. Further 
exploration revealed that SIRT1 regulated mitophagy in 
Naged. Mitophagy reduced the mitochondrial content 
and OXPHOS of neutrophils and, more importantly, 
avoided mitochondria-dependent caspase apoptosis, 
consistent with the sequencing results showing that the 
antiapoptotic pathway was upregulated and the proapop-
totic pathway was downregulated in the Naged group. 
Naged maintained their lifespan through mitophagy, 
which appeared is a key factor underlying their increased 
abundance in lung tissue.

The role of NETs in promoting tumor progression has 
received increasing attention in recent years.21 22 58 NETs 
enhanced the migration and invasion capacity of tumor 
cells.59 More interestingly, NETs awakened dormant tumor 
cells by lysing the extracellular matrix, resulting in tumor 
recurrence and metastasis.20 NETs formed by neutro-
phils have been shown to promote the liver metastasis 
of breast cancer through DNA receptors on the surface 
of the cell membrane.58 Using cellular immunofluores-
cence staining and electron microscopy, we showed that 
Naged had stronger ability to form NETs than non-aged 
neutrophils. Further video and in vitro studies showed 
that the Naged-generated NETs captured tumor cells. 
Tissue immunofluorescence staining confirmed that the 
NETs produced by Naged were spatially related to tumor 
cells. Importantly, NETs formed by Naged did not affect 
tumor cell proliferation or kill tumor cells, but clearing 
NETs with DNaseI definitely reduced lung metastasis. 
Taken together, Naged may accelerate lung metastasis by 
trapping tumor cells through increased NET formation. 
Although we cannot yet specific remove aged neutrophils, 
we can see a significant reduction in lung metastasis after 
the early depletion of total neutrophils, which means the 

Figure 6  SIRT1-induced Naged form mitochondria-dependent vital NETs via opening mPTP channels. (A) Scanning electron 
microscopy (SEM) images and quantification of extracellular traps (NETs) produced by aged and non-aged neutrophils 
from the PB of patients with breast cancer and lung of 2 weeks tumor-bearing mice. (B) Images of SEM (upper panel) and 
immunofluorescence staining (lower panel) of NETs produced by neutrophils from the PB of patients with breast fibroadenoma 
and the BM of naïve mice treated with SRT1720 and PMA, respectively. Red, Sytox Orange. Scale bar, 10 µm. (C) Cellular 
immunofluorescence staining NET components produced by neutrophils from the PB of patients with breast fibroadenoma and 
the BM of naïve mice treated with SRT1720 and PMA, respectively. Green, Mito Tracker. Red, Sytox Orange. Scale bar, 10 µm. 
(D, E) PCR analysis of NET components produced by neutrophils from the PB of patients with breast fibroadenoma and the BM 
of naïve mice treated with SRT1720 and PMA. Mitochondrial and nuclear DNA isolated from purified neutrophils was used as 
controls. Mitochondrial and nuclear genes were amplified from different DNA templates. (F) Opening of the mPTP in neutrophils 
from the PB of patients with breast fibroadenoma and the BM of naïve mice treated with SRT1720. Ionomycin was used as a 
positive control. (G) Concentration of cell-free DNA (cfDNA) in cultured supernatants from neutrophils in the PB of patients with 
breast fibroadenoma and the BM of naïve mice treated with SRT1720 in the presence or absence of TRO19622 or Ciclosporin 
A (mPTP inhibitors). (H) Immunofluorescence staining (left panel) and quantification (right panel) for NETs in neutrophils from 
the PB of patients with breast fibroadenoma and BM of naïve mice treated with SRT1720 in the presence or absence of 
TRO19622 or Ciclosporin A (mPTP inhibitors). Scale bar, 10 µm. Data are presented as the means±SD from one representative 
experiment. Similar results were obtained from three independent experiments, unless indicated otherwise. Statistical analysis 
was performed by two-tailed unpaired Student’s t test (A, E), one-way ANOVA (B, G, H) and repeated-measures ANOVA (F). 
**p˂0.01, ***p˂0.001. ANOVA, analysis of variance; BM, bone marrow; mPTP, mitochondrial permeability transition pore; NETs, 
neutrophil extracellular traps; ns, not significant; PB, peripheral blood.
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early lung recruitment and capture capabilities of aged 
neutrophils could help tumor metastasis, while the late 
depletion fails to improve outcomes since tumor cells has 
already settled in the lung and proliferated.

PMA is a representative molecule that induced NET 
formation. We made a great effort to compare the 
morphological and signaling pathways of PMA-induced 
and SIRT1-induced NETs. More importantly, SIRT1-
induced NETs were dominated by mitochondrial DNA, 
with the absence of Cit-Histone H3. We emphasized 
that the Naged were living cells and formed vital NETs. 
Thus, Naged might perform other functions in addition 
to producing NETs, and NETs were likely one of the 
important mechanisms by which Naged promoted the 
lung metastasis of breast cancer. This study is the first 
conducted in the field of cancer to show that vital NETs 
form from mitochondrial DNA to generate a premeta-
static niche that promoted breast cancer progression.

Based on the results described above, we performed 
a variety of interventions centered on SIRT1-Naged. 
Vitamin B3 inhibited SIRT1 activation in neutrophils by 
tumor cells, Mdivi-1 blocked mitophagy and promoted 
Naged death, TRO19622 prevented DNA release from 
mitochondrial mPTP channels, and DNaseI removed the 
formed NETs; all of these agents prevented tumor metas-
tasis to varying degrees but did not exert a significant 
effect on the primary tumor. Importantly, vitamin B3 was 
an oral drug that was commonly used in clinical practice, 
and its inhibitory effect on Naged may expand its poten-
tial clinical applications. It seems a very promising drug 

for preventing tumor metastasis. Undoubtedly, condi-
tional knockout mice is needed to further confirm the 
importance of SIRT1-Naged axis, which is the direction 
for our future research.

Furthermore, whether the specificity of aged neutro-
phils in breast cancer lung metastasis can be derived 
into widespread tumors is a question worthy of further 
investigation. We found that aged neutrophils accumu-
late in lung tissue of the B16F10 melanoma but not in 
LLC lung cancer (data were not show), while both of the 
two models develop lung metastases. This indicates that 
aged neutrophils cannot be considered to be the pan-
cause of tumor lung metastasis, further study is needed 
to figure out whether they can indicate a group of tumors 
for metastasis.

In summary, breast tumor cells secrete NAMPT to acti-
vate SIRT1 in neutrophils, which polarize the neutrophils 
into Naged. Naged extend their lifespan through mito-
phagy. Thus, Naged continuously accumulate in the lung 
and produced vital NETs to capture tumor cells, thereby 
promoting the lung metastasis of breast cancer. Based on 
these findings, Naged are a potential target cell type to 
prevent the lung metastasis of breast cancer.
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