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A B S T R A C T   

Tumor metastasis is directly correlated to poor prognosis and high mortality. Circulating tumor cells (CTCs) play 
a pivotal role in metastatic cascades, of which CTC clusters is highly metastatic compared to single CTCs. 
Although platelets and neutrophils within the bloodstream could further exacerbate the pro-metastatic effect of 
single CTCs, the influence of platelets and neutrophils on CTC clusters mediated metastasis remains unclear. In 
this study, a pro-metastatic complex composed of CTC clusters, platelets and neutrophils, namely circulating 
tumor microemboli (CTM), was identified in vivo among different metastatic tumor, which was demonstrated 
with highly upregulation of hypoxia-inducible factor-1α (HIF-1α). While knock-out of HIF-1α or therapeutically 
downregulating of HIF-1α via HIF-1α inhibitor (BAY87–2243)-loaded neutrophil cyto-pharmaceuticals (PNEs) 
could efficiently restrain CTM mediated lung metastasis. The underlying mechanism of metastasis inhibition was 
attributed to the downregulation of HIF-1α-associated PD-L1, which would enhance immune response for 
inhibiting metastatic cells. Thus, our work here illustrates that hypoxia was an essential factor in promoting CTM 
colonization in lung. More importantly, we provide a promising strategy by targeted downregulation of HIF-1α in 
CTM via neutrophil cyto-pharmaceuticals for treatment of CTM mediated metastasis.   

1. Introduction 

Metastasis remains the major cause of cancer-related death world-
wide [1]. Metastasis is the process by which tumor cells shed from the 
primary sites, spread away by the bloodstream or lymphatic system, and 
finally metastasize to a specific organ [2,3]. These tumor cells released 
from the lesion were so called as circulating tumor cells (CTCs), which 
were found in different modes including single CTCs or CTC clusters [4]. 
Previous studies reported that the metastatic potential of CTC clusters is 
23- to 50-fold increase when compared to single CTCs [5,6]. During 
circulation, many components in bloodstream or lymphatic system also 
involved in regulating the CTCs mediated metastasis. It was reported 
that platelets ‘cloaking’ on the surface of CTCs would assists CTCs to 
avoid clearance by natural killer cells [7,8]. Meanwhile, platelets upon 
contacting with CTCs could secret the chemokines of CXCL5 and CXCL7, 
which would further recruit the granulocytes such as neutrophils (NEs) 
to CTCs [9]. In addition, CTCs can ‘hijack’ NEs to directly form CTCs- 

neutrophils clusters (CTCs-NEs clusters), endowing CTCs with great 
proliferative advantage and metastatic potential [10]. Moreover, NEs 
also facilitate adhesion between CTCs and endothelium, which would 
promote the extravasation and colonization of CTCs [11]. As we known 
so far, the studies about interaction between CTCs with platelets or NEs 
for promoting metastasis mainly focus on single CTCs, but for CTC 
clusters the interaction on enhancing metastasis remain very limited. In 
addition, whether CTC clusters simultaneously interact with platelets 
and NEs (referred to circulating tumor microemboli, CTM) is also unil-
lustrated. Hence, exploration of the mechanism of metastasis induced by 
CTC clusters with platelets and NEs is clearly of significance, which 
might offer some fantastic interventional approaches for metastasis 
therapy. 

Notably, CTC clusters were found to undergo hypoxia with high 
levels of hypoxia-inducible factor-1α (HIF-1α) expression [12], which 
was the master hypoxia regulatory transcription and closely correlated 
with metastasis progression [13,14]. It has been confirmed that HIF-1α 
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is also closely related to the expression of adhesion molecules [15], 
which might facilitate the formation of CTM consisted of CTC clusters, 
platelets and NEs. Moreover, previous studies reported that platelets 
adhesion can cause NF-κB dependent HIF-1α transcriptional activation 
in CTCs [16], and reactive oxygen species produced by neutrophil res-
piratory bursts can effectively inhibit the degradation of HIF-1α [17]. 
The above reports indicated that CTM would still possess high level of 
HIF-1α expression with hypoxia status. Moreover, immune checkpoint 
molecules such as PD-L1 are downstream target genes of HIF-1α [18], 
which would help the immune escape of CTCs. But the expression of PD- 
L1 in CTM is poorly understood. Hence, we speculate that suppression of 
HIF-1α in CTM may alleviate hypoxia, which would result in reducing 
the expression of PD-L1 for inhibition of immune escape, finally 
impeding CTM promoting metastasis. 

As a proof-of-principle demonstration, we first proved the CTM 
composed of CTC clusters, platelets and NEs as novel metastatic entity in 
tumor metastasis, with overexpressed HIF-1α and possessing robust 
metastatic potential via PD-L1 mediated immune escape. Next, based on 
the chemotaxis of neutrophils to CTM, we exploited the neutrophil cyto- 
pharmaceuticals (PNEs) by internalizing HIF-1α inhibitor (BAY 
87–2243) [19] loaded acetylated-dextran nanoparticles (BAY/NP) for 
targeted inhibition of HIF-1α in CTM, and further illustrated the un-
derlying interventional mechanism of PNEs on CTM mediated metas-
tasis (Fig. 1). Our work would confirm that CTM composed of CTC 
clusters, platelets and NEs held great potential in promoting tumor 
metastasis, while targeted downregulation of HIF-1α in CTM may pro-
vide a novel strategy against tumor metastasis through inhibiting 

immune escape. 

2. Materials and methods 

2.1. Materials 

The Ac-DEX was synthesized by Liu’s group [20], and ditetradecyl 
lysylglutamate (TA2-Glu-Lys, TA2GL) and BAY 87–2243 were synthe-
sized by our group. Other reagents such as the antibodies for PD-L1 
(CD274 Monoclonal Antibody, 17–5982-80; thermo), HIF-1α 
(ab179483; abcam) were purchased from the indicated suppliers. 

2.2. Animals 

Female BALB/c mice (20–22 g) and male C57BL/6 mice (20–22 g) 
were purchased from Comparative Medicine Center of Yangzhou Uni-
versity and maintained under specific-pathogen-free conditions. Mice 
were allocated randomly to each group. All procedures were approved 
by the Animal Ethics Committee of China Pharmaceutical University and 
were conducted in compliance with the Guide for Care and Use of 
Laboratory Animals. 

2.3. Cell culture 

4 T1 cells were purchased from the Cell Bank of Chinese Academy of 
Science (Shanghai, China). B16F10 cells (referred hereafter as B16 cells) 
were purchased from American Type Culture Collection (ATCC). 4 T1- 

Fig. 1. Schematic illustration of neutrophil cyto-pharmaceuticals targeted downregulation of HIF-1α for restraining circulating tumor microemboli medi-
ated metastasis. 
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mCherry cells and 4 T1-Luc cells were obtained by transfecting with 
mCherry and luciferase lentiviral vector respectively and were both 
maintained in RPMI-1640 medium supplemented with 10% FBS (Gibco, 
Thermo Fisher Scientific) and 1% penicillin-streptomycin solution. 
B16F10-mCherry cells (referred hereafter as B16-mCherry cells), 
B16F10-Luc cells (referred hereafter as B16-Luc cells) all cultured in 
high glucose DMEM medium supplemented with 10% FBS and 1% 
penicillin-streptomycin solution. 4 T1 HIF-1α knock down cells (4T1HIF- 

1α-KD) were generated as previously reported. For 4 T1-mCherry, 4 T1- 
Luc, B16-mCherry, B16-Luc cells culture, puromycin (4 μg/mL) was 
added in the media. All cells were cultured in a humidified incubator 
with 5% CO2 at 37 ◦C and routinely tested for mycoplasma 
contamination. 

2.4. Murine peripheral platelets isolation 

Peripheral blood was freshly drawn from anaesthetized BALB/c or 
C57BL/6 mice via the retroorbital plexus. Each 500 μL blood was 
collected in 100 μL anticoagulant solution (113 mM sodium citrate 
dihydrate, 137 mM glucose, pH 6.4) and proceeded within 30 min. The 
blood was firstly centrifuged at 200 g for 6 min at room temperature to 
obtain semi-purified platelet-rich plasma (PRP). The resulting PRP was 
then centrifuged at 200 g for another 6 min to obtain purified PRP. 
Furthermore, the purified PRP was followed by centrifuging at 800 g for 
6 min to prepare platelet pellet, after which the supernatant was dis-
carded and platelets were finally suspended in RPMI-1640 complete 
medium at a concentration of 1.6 × 108 platelets per 100 μL and pro-
ceeded in CTM simulation immediately. 

2.5. Murine bone marrow neutrophils isolation 

Neutrophils were isolated from bone marrow of healthy BALB/c or 
C57BL/6 mice by a modified Percoll gradient centrifugation method as 
previously reported [21]. Briefly, bone marrow unicellular suspension 
after red blood cells lysed was gently laid onto a Percoll mixture solution 
consisting of 75%, 65% and 55% (v:v) Percoll in PBS from the bottom 
up, and followed by centrifugation at 2500 rpm for 30 min at room 
temperature. The obtained neutrophils were suspended in RPMI-1640 
medium at a concentration of 2 × 106 neutrophils per 200 μL and pro-
ceeded in CTM models establishment immediately. 

2.6. In vivo CTM assays 

4 T1-mCherry cells or B16-mCherry cell clusters were directly 
injected into BALB/c or C57BL/6 mice via tail vein at 5 × 105 cells per 
mouse. Mice were sacrificed 4 h and 16 h post-injection respectively, 
both time points at which tumor cells remained in the blood circulation 
before extravasating [16]. Lungs were rinsed with PBS solution repeat-
edly and fixed in 4% paraformaldehyde for 6 h, followed by gradient 
dehydration with 15% and 30% sucrose solution overnight. The largest 
lung lobes were embedded in OCT agents and sectioned into 15 μm 
thickness slices, fixed in ice-cold acetone for 15 mins and soaked in PBS 
solution for 10 mins. The lung slices were then blocked in QuickBlock™ 
Blocking Buffer for Immunol Staining for 10 mins and rinsed with PBS 
solution repeatedly. The slices at 4 h time points were chosen to verify 
the existence of CTM in vivo, while the ones at 16 h were used to detect 
the expression of HIF-1α, E-cadherin and Vimentin. The details of 
immunofluorescence staining were showed in Supporting Information. 

2.7. In vitro CTM models establishment 

4 T1 cells were seeded in ultra-low attachment plates (3471, Corn-
ing) at 2 × 105 cells per well. Each well contained 2 mL RPMI-1640 
complete medium. After incubation at 37 ◦C for 24 h, 4 T1 clusters (4 
T1 CL) were obtained. 100 μL aliquots of freshly isolated platelet solu-
tion (1.6 × 108) were then added dropwise to each well. After incubation 

at 37 ◦C for 2 h without any interference, 4 T1 clusters-Platelets (4 T1 
CL-PLTs) were prepared. Afterwards, 200 μL aliquots of freshly isolated 
neutrophil solution (2 × 106) were added dropwise and incubation for 
another 16 h to prepare 4 T1 clusters-Platelets-Neutrophils (4 T1 CTM). 
B16 CTM were simulated under the similar process with platelets and 
neutrophils both derived from syngeneic C57BL/6 mice. The charac-
teristics of CTM was assayed by immunofluorescence staining and 
observed by confocal laser scanning microscopy (CLSM). The 
morphology of CTM was also imaged by scanning electron microscope 
(SEM). The expression of HIF-1α in CTM was analyzed by western blot 
and real-time PCR. The downstream genes of HIF-1α including glucose 
transport 1 (Glut1), pyruvate dehydrogenase kinase 1 (Pdk1), vascular 
endothelial growth factor A (Vegfa), lactate dehydrogenase A (Ldha), 
growth differentiation factor 15 (Gdf15), cyclin G2 (Ccng2) and collagen 
prolyl 4-hydroxylase αsubunit 1 (P4ha1) were analyzed by real-time 
PCR. The details about the RNA extraction method were showed in 
Supporting Information. cDNA was synthesized using HiScript II Q RT 
SuperMix for qPCR (R223–01, Vazyme Biotech Co.,ltd). Real-time PCR 
was performed on a StepOne system using qPCR SYBR Green Master Mix 
(11203ES08, Yeasen). Primers were listed in Table S1. 

2.8. Assessment of metastatic potential of different entities 

To assess the metastatic potential of different tumor metastatic en-
tities during tumor metastasis process, female BALB/c mice were 
intravenously injected with equal amount of different cellular pop-
ulations via tail vein. 4T1HIF-1α-KD cells and 4 T1 cells were seeded in 6- 
well plates at 2 × 105 cells per well and cultured for 48 h, and 4T1HIF-1α- 

KD single cells (4T1HIF-1α-KD SC) and 4 T1 single cells (4 T1 SC) were 
obtained after 0.25% trypsin digestion. At the same time, 4T1HIF-1α-KD 

cells and 4 T1 cells were also seeded in ultra-low attachment plates at 2 
× 105 cells per well and cultured for 48 h to prepare 4T1HIF-1α-KD CL and 
4 T1 CL. Additionally, 4 T1 CL with Platelets (4 T1 CL-PLTs), 4 T1 CL 
with NEs (4 T1 CL-NEs) and 4 T1 CTM were all constructed simulta-
neously according to the CTM simulation process. Before metastatic 
models establishment, part of each group was taken out and performed 
trypsin digestion, then the amount of tumor cells in each group were 
accurately calculated by flow cytometry. The cellular populations were 
directly injected into the venous circulation without trypsin digestion 
(except for 4T1HIF-1α-KD SC and 4 T1 SC group) at 5 × 105 tumor cells per 
mouse to establish different metastatic entities groups (n = 8). 4T1HIF-1α- 

KD cells and 4 T1 cells expressed equivalent luciferase signal determined 
by IVIS Spectrum (PerkinElmer). To conduct the bioluminescence im-
aging, mice were intraperitoneally injected with D-Luciferin at a con-
centration of 150 mg/kg lasting for 10 mins, followed by anaesthetized 
with 2% isoflurane for 2 mins. Bioluminescence imaging was performed 
by IVIS Spectrum (PerkinElmer). 

2.9. Preparation and characterization of PNEs 

The preparation of BAY/NPs (BAY 87–2243 loaded nanoparticles) 
was performed by a modified oil-in-water (o/w) nanoemulsion solvent 
evaporation method. In brief, Ac-DEX (25 mg) and BAY (5 mg) were 
dissolved in 0.25 mL of ethyl acetate and added to 0.75 mL of polyvinyl 
alcohol (PVA 0486) solution (1% v/v in dd-H2O). The mixture was 
emulsified by ultrasonication for 30 s in an ice bath using a probe son-
icator (10 s pulses intercalated with 2 s intervals, 30% amplitude). The 
resulting solution was added to 10 mL of polyvinyl alcohol solution (1% 
v/v in dd-H2O, pH 8.5 adjusted with 1 mM NaOH). Then, the mixture 
was evaporated to remove organic solvent under continuous stirring for 
4 h. Nanoparticles were isolated by centrifugation at 13,780 g for 6 min 
and washed with dd-H2O (pH 8.5) for three cycles. Next, the positive 
lipid TA2GL (4 mg) was dissolved in 0.25 mL of dd-H2O (pH 8.5) and 
mixed with the nanoparticles. After vortex, bath sonication (5 min) and 
centrifugation at 13,780 g for 6 min, the final BAY/NPs were obtained by 
redispersion in dd-H2O (pH 8.5). The particle size and zeta potential 
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were measured by dynamic light scattering and the morphology of BAY/ 
NPs was observed by transmission electron microscopy (TEM). The 
encapsulation efficiency of BAY/NPs was determined by HPLC. 

PNEs (BAY/NP-loaded NEs) were obtained as previously reported 
[21]. In brief, freshly isolated neutrophils were incubated with BAY/NP 
at BAY concentration of 60 μg/mL per 105 cells for different time at 
37 ◦C, followed by repeated centrifugating and washing with PBS so-
lution for 3 times. PNEs were lysed with SDS cell lysis buffer (Beyotime, 
China). The cell lysate (50 μL) was mixed with 200 μL of acetonitrile, 
vortexed for 5 min and centrifuged at 13,780 g for 10 min. The super-
natant (20 μL) was injected into the HPLC system for quantification. 

To further study the uptake of BAY/NP by NEs, fluorescent molecular 
of coumarin 6 was used to label BAY/NPs (Coumarin 6-BAY/NPs) and 
then incubated with NEs. The fluorescent signal of Coumarin 6- BAY/ 
NPs in NEs was detected by CLSM. The chemotaxis assays of PNEs were 
investigated. Simulated CTM were suspended in RPMI-1640 medium 
without FBS and seeded on the bottom of ultra-low attachment plates. 1 
× 106 freshly isolated neutrophils or prepared PNEs were stained with 
DIO cell membrane green fluorescence probe (1:300, C1038, Beyotime), 
suspended in RPMI-1640 medium without FBS and added onto the 
upper Transwell chamber (3 μm, Millipore). After 16 h of chemotaxis, 
the chamber was removed and the recruited green fluorescence labeled 
neutrophils were recorded using an inverted fluorescence microscope 
(FV1100, Olympus) at 12 random fields. The average number of 
migrated neutrophils or PNEs in each group was counted by Image J 
software. The detailed groups were as follows: 1) Buffer (serum-free 
RPMI-1640 medium); 2) PLTs; 3) NEs; 4) 4 T1 CL; 5) 4 T1 CL-PLTs; 6) 4 
T1 CL-NEs; 7) 4 T1 CTM. 

To study the drug uptake behavior of CTM, Coumarin 6-BAY/NPs 
was used to construct PNEs (Coumarin 6-PNEs). The simulated 4 T1 
CTM were co-stained with PE anti-Mouse CD41 (1:300) and DAPI 
(1:400) in advance. Then, freshly prepared Coumarin 6-PNEs were co- 
cultured with 4 T1 CTM continuously at 5% CO2, 37 ◦C humidified 
incubator. At indicated time points, 4 T1 CTM were carefully transferred 
out from the ultra-low attachment plates, followed by gently washing 
with PBS solution for twice. Representative images were immediately 
taken using LSM 880 (Zeiss). Note that each time points represented 4 
T1 CTM in each well. 

The in vitro stability of PNEs was evaluated under different condi-
tions, including the normal physiological condition (RPMI medium), 
during the process of chemotaxis (formyl-met-leu-phe, fMLP), at the site 
of inflammation (phorbol myristate acetate, PMA) and CTM microen-
vironment (conditioned medium of CTM). In brief, 8 × 105 PNEs were 
seeded in 24-well plates, and then incubated with the RPMI and RPMI 
containing fMLP (10 nM) and PMA (100 nM) for different periods (0.5, 
1, 2, 4, 6 and 8 h). The amounts of BAY in the PNEs and released in the 
supernatant medium were determined using HPLC. The drug release 
from BAY/NP with similar condition as described above were also 
investigated by dialysis method and determined using HPLC. 

2.10. In vitro intervention process of PNEs 

Simulated 4 T1 CTM were grouped and intervened as followings: 1) 
4 T1 CTM control; 2) 4 T1 CTM + BAY; 3) 4 T1 CTM + BAY/NP; 4) 4 T1 
CTM + NEs; 5) 4 T1 CTM + PNEs. Each group contains BAY 87–2243 
equivalent to 10 μM and the intervention time was 20 h. B16 CTM were 
treated under the same conditions. The hypoxia status and expression of 
HIF-1α were evaluated by immunofluorescence staining, western blot 
and real-time PCR. The downstream genes of HIF-1α, such as Glut1, 
Vegfa, Pdk1, Ldha, Gdf15, Ccng2, and P4ha1 was also analyzed by real- 
time PCR. In addition, the mRNA levels of adhesion molecules of αv, 
P-selectin, β3 and Icam-1, as well as the epithelial-mesenchymal transi-
tion (EMT) genes Snail and Twist, were also determined by real-time 
PCR. The details were showed in Supporting Information. 

To detect PD-L1 expression in simulated CTM before or after inter-
vention, CTM were centrifugated and thoroughly separated with 0.25% 

trypsin solution (Hyclone). After washing, cells were stained with APC 
anti-mouse PD-L1 (1:300) and incubated at 37 ◦C for 30 mins. 4 T1 
single cells and freshly isolated neutrophils were used as control and 
gate setting. 1 × 105 4 T1 cells or neutrophils from each sample were 
recorded (Attune NxT, Thermo). All experiments were repeated for three 
times. 

2.11. Establishment of 4 T1 CTM lung metastasis models, efficacy 
evaluation and safety evaluation 

In vitro simulated 4 T1 CTM were directly intravenously injected at 9 
× 105 tumor cells per mouse. Before tumor inoculation, part of 4 T1 CTM 
were trypsin digested and the number of tumor cells in 4 T1 CTM was 
quantified using flow cytometry. Mice were randomly divided into 5 
groups and blindly selected before injection (n = 12 per group). After 4 
h, mice were treated according to the following regimens: 1) Saline; 2) 
free BAY (p.o. 4 mg/kg, BAY dissolved in equal volume mixed solution 
of polyoxyethylene castor oil and ethanol); 3) BAY/NP (i.v. 1 mg/kg); 4) 
native neutrophils (i.v. 5 × 106 cells); 5) PNEs (i.v. 5 × 106 cells, 
equivalent to 1 mg/kg BAY). Mice were administered once every two 
days for totally 10 times. 

For efficacy evaluation, the mice in each group were immediately 
sacrificed after the last bioluminescence imaging, lungs were harvested 
for ex vivo imaging and average radiance was analyzed (n = 5). The 
lungs were rinsed with PBS solution and photographed with a camera, 
and the number of metastasis nodules were enumerated and compared 
with the saline group. Then, lungs were fixed with 4% para-
formaldehyde, embedded with paraffin and sectioned into 5 μm thick-
ness slices. The whole lung slices were stained with H&E and scanned 
with a NanoZoomer 2.0 RS digital pathology scanner (Hamamatsu). The 
survival periods of mice were monitored after treatment (n = 7). 

For safety evaluation, the major organs were stained with H&E and 
representative images were taken at 20 × magnification using a BX53 
inverted fluorescence microscope (Olympus). The intestine sections 
were co-stained with alcian blue and nuclear red, and images were taken 
at 20 × magnification. Pathological assessment of villus length, crypt 
depth and number of goblet cells per villus were analyzed with Image J 
software. The body weights of the mice were monitored during 
treatment. 

2.12. 2.14 statistical analysis 

Statistical analyses were performed using the GraphPad Prism 7.0 
software. All graphical data were presented as mean ± SEM in at least 
triplicate. Statistical significance was determined using two-tailed Stu-
dent’s t-test or One-way ANOVA, in which P values <0.05 were 
considered statistically significance (*P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001, respectively). Survival results were analyzed 
according to a Mantel-Cox curve. Significant differences in survival 
curves were calculated using the log-rank test. 

3. Results and discussion 

3.1. CTM was hypoxic both in vivo and in vitro 

Metastasis has gradually gained consensus as a complicated multi- 
component and multi-step process [22]. Circulating tumor micro-
emboli (CTM) is drawing considerable attention, but the underlying pro- 
metastatic mechanisms need to be further explored. To understand the 
component and morphological features of CTM in vivo, we prepared 
frozen slices of mice lungs after injection of 4 T1-mCherry or B16- 
mCherry cell clusters via the tail vein. Immunofluorescence staining 
for platelets and neutrophils markers demonstrated the prevalence of 
their intimate association with 4 T1-mCherry clusters (4 T1-mCherry 
CL) (Fig. 2A). In separated-channel regions, we clearly found that 4 T1- 
mCherry CL were surrounded with platelets and NEs in hierarchical 
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orders to form the 4 T1 CTM, of which platelets served as ‘bridges’ inside 
(Fig. 2B). Previous studies revealed that platelets were the first 
component that interacted with CTCs [23]. This behavior should be due 
to the high number of platelets in bloodstream and high affinity between 
platelets with CTCs. Meanwhile, morphology of B16 CTM in vivo was 

similar to 4 T1 CTM (Supporting Information Fig. S1), indicating that the 
presence of CTM was not tumor-specific. Next, we investigated whether 
CTM remain hypoxic status in vivo. As expected, immunofluorescence 
staining analysis revealed that 4 T1-mCherry cells in CTM expressed 
high levels of HIF-1α (Fig. 2C and D), indicating 4 T1 CTM was 

Fig. 2. CTM remained hypoxic both in vivo and in vitro established models. (A) Representative images of 4 T1 CTM in the lung section slices. 4 T1-mCherry tumor 
cells (Red) were surrounded by platelets that were labeled with CD41 antibody (Rose red) and neutrophil stained by anti-Ly6G antibody (Green). The nuclei were 
stained by DAPI (Blue). Scale bar: 50 μm for the left image and 10 μm for the right ones. (B) Separated-channel images of in vivo 4 T1 CTM. Scale bar: 10 μm. (C) 
Representative immunofluorescence images of HIF-1α staining (Blue) in 4 T1 CTM in the lung section slices. Scale bar: 50 μm for the left image and 10 μm for the 
right ones. (D) Separated-channel images of HIF-1α staining in 4 T1 CTM. Scale bar: 10 μm. I Representative images of in vitro established 4 T1 CTM and B16 CTM 
models. 4 T1-mCherry or B16-mCherry tumor cells (Red) were surrounded by platelets that were labeled with CD41 antibody (Rose red) and neutrophil stained by 
anti-Ly6G antibody (Green). The nuclei were stained by DAPI (Blue). Scale bar: 20 μm. (F) Representative SEM images of 4 T1 CTM models. Scale bar: 1 μm. (G) The 
level of HIF-1α in 4 T1 CL, 4 T1 CL-PLTs, 4 T1 CL-Nes, and 4 T1 CTM was examined by western blot. Representative gel electrophoresis bands were shown. (H) 
Representative immunofluorescence images of HIF-1α staining (Red) in 4 T1 CL and 4 T1 CTM. Scale bar: 20 μm. (I) 4 T1 and 4T1HIF-1α-KD tumor cells were seeded in 
ultra-low attachment plates at 2 × 105 cells per well and cultured for 24 h to prepare clusters (CL). Quantitative analysis of average size and number of clusters per 
image. Scale bar: 200 μm. N = 13, **P < 0.01, ***P < 0.001. (J) Representative immunofluorescence images of hypoxia probe staining (Red) in 4 T1 CL, 4 T1 CTM 
and 4T1HIF-1α-KD CTM. Scale bar: 10 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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undergoing highly hypoxic. 
To investigate CTM more conveniently and efficiently, in vitro CTM 

models were established based on the cellular morphology of CTM in 
vivo, which was identified the feature as tumor cell clusters surrounded 
by platelets inside and NEs outside. By calculating the cell number ratio 
and keeping the cell viability, we chose the ratios of NEs to tumor cells at 
10:1 to simulate CTM in vitro, thus the final ratios of 4 T1/B16-mCherry 
cells to platelets and NEs were 1:800:10. Moreover, we found the vitality 
of tumor cells hardly declined even at high ratios of NEs (Supporting 
Information Fig. S2). Then, the morphological features of CTM models 
were well illuminated by CLSM. 4 T1 CTM and B16 CTM were both 
formed by tumor cell clusters successively surrounded by platelets and 
NEs, which was consistent with in vivo results (Fig. 2E). In addition, the 
SEM images also clearly described the status of 4 T1 CTM in tight 
conjugation (Fig. 2F). 

Considering the three-dimensional property during CTM formation 
process and the close relationship between hypoxia and metastasis 
[24,25], we speculated that hypoxia may play an important role in CTM 
mediated metastasis. Western blot analysis was applied and the results 
showed ~5-fold upregulation of HIF-1α in 4 T1 CTM and ~3-fold 
upregulation of HIF-1α in B16 CTM versus 4 T1 or B16 CL, respectively 
(Fig. 2G, Supporting Information Fig. S3). To further confirm the results 
above, elevated level of HIF-1α accumulation was also observed in 4 T1 
CTM (Fig. 2H) and the same results were obtained in B16 CTM (Sup-
porting Information Figs. S4 and S5). Moreover, the hypoxia probe was 
employed to assess whether CTM models remain hypoxia in vitro. The 
results showed that in contrast to 4 T1 CL, more red fluorescent probes 
were accumulated in 4 T1 CTM, indicating that 4 T1 CTM were highly 
hypoxic (Fig. 2J). Furthermore, Q-PCR analysis revealed that the 
downstream genes of HIF-1α including Glut1, Pdk1, Vegfa, Ldha, Gdf15, 
Ccng2, and P4ha1 markedly elevated in 4 T1 CTM (Supporting Infor-
mation Fig. S6). Moreover, EMT related genes Snail and Twist, which can 
be promoted by HIF-1α [26], were also increased in CTM (Supporting 
Information Fig. S7). It has been confirmed that the expression of 
adhesion molecules is also closely related to the level of HIF-1α [15]. 
Based on the fact that formation of CTM depends on the interaction of 
different cells, we then investigated the potential adhesion molecules 
involved in 4 T1 CTM [27–30]. Q-PCR analysis revealed that four of 
adhesion molecules genes, including β3, αv, P-selectin, and Icam-1 were 
overexpressed in 4 T1 CTM (Supporting Information Fig. S8). It had been 
reported that P-selectin was the key adhesion molecule that enhanced 
the interaction between platelet and CTCs [31]. Meanwhile, the eleva-
tion of Icam-1 would further facilitate the recruitment of NEs to CTCs 
[32]. The above results suggested that upregulation of HIF-1α related 
adhesion molecules would lead to the formation of CTM. Taken 
together, these data demonstrated that the simulated CTM in vitro 
remained highly hypoxic and upregulation of HIF-1α accumulation, 
which was consistent with the situation in vivo. 

Considering the hypoxic features of CTM, we next investigated the 
relationship between CTM formation and HIF-1α. 4T1HIF-1α-KD cells were 
established and the cluster formation ability was detected. The results 
showed that clusters formed by 4T1HIF-1α-KD cells were significantly 
fewer than 4 T1 cells, indicating knocking down of HIF-1α gene 
remarkably affected the formation of clusters (Fig. 2I). Moreover, 
western blot analysis also revealed 4T1HIF-1α-KD CL could not normally 
express HIF-1α (Supporting Information Fig. S9) and hypoxia probe 
staining also illustrated that 4T1HIF-1α-KD CTM was not hypoxic, even can 
not form CTM structure (Fig. 2J). Collectively, we infer that HIF-1α is a 
pivotal element of the CTM formation and there may be a positive 
feedback loop between the accumulation of HIF-1α with the formation 
of CTM. 

3.2. CTM showed increased metastatic potential 

CTM is composed of CTC clusters, platelets and neutrophils, which 
might play important roles in promoting metastasis. To verify whether 

CTM have stronger metastatic ability, we prepared different kinds of 
metastatic entities in vitro and directly injected them into tumor-free 
recipient mice via the tail vein (Fig. 3A). The growth of metastases 
and the overall survival of mice were assayed. As expected, injection of 
4 T1-luc CL, 4 T1-luc CL-NEs and 4 T1-luc CL-PLTs resulted in severe 
tumor metastasis, with mice showing significantly reduced overall sur-
vival compared to that of 4 T1-luc single cells (4 T1 SC). Meanwhile, 4 
T1 CTM contributing largely to the metastatic burden in the lung and 
thus representing the most metastatic entity. Interestingly, 4 T1-luc cells 
that knocked down the HIF-1α gene, either in the forms of single cells 
(4T1HIF-1α-KD-luc SC) or clusters (4T1HIF-1α-KD-luc CL), exhibited the 
weakest metastatic capacity (Fig. 3B, C and Supporting Information 
Fig. S10). These results suggested that HIF-1α played a key role in 
exacerbating metastasis. According to the previous research, intrave-
nous injection of tumor cells is more likely to cause lung metastasis 
model rather than liver metastasis [33]. Besides, in our study, we also 
found that although some tumor cells colonize the liver to form liver 
metastasis, the tumor signal of the lung is much stronger than that of the 
liver (Fig. 3B). Therefore, our research mainly focuses on lung 
metastasis. 

We then explored the potential mechanism of CTM promoted 
metastasis. Previous studies reported that PD-L1 is the direct down-
stream gene of HIF-1α and the high expression of PD-L1 in tumor cells is 
closely related to immune escape, and played important roles in the 
process of tumor metastasis [18]. Therefore, we investigated the 
expression of PD-L1 in 4 T1 CTM by immunofluorescence analysis and 
found that PD-L1 was highly expressed in 4 T1 CTM in vivo (Fig. 3D). In 
vitro study showed that, in comparison to 4 T1 CL, PD-L1 were highly 
expressed in 4 T1 CTM and majority of the PD-L1 were expressed on the 
4 T1 cellular membrane (Fig. 3E). Subsequently, the quantitative 
expression and distribution of PD-L1 in CTM were confirmed by flow 
cytometry analysis. Similarly, the results showed the expression of PD- 
L1 on 4 T1 CL were slightly increased compared with 4 T1 SC, prob-
ably ascribed to a certain degree of hypoxia in 4 T1 CL. Meanwhile, PD- 
L1 was significantly upregulated in 4 T1-NEs and especially in 4 T1 CTM 
(Fig. 3F, Supporting Information Fig. S11 and Fig. S12). It was worth 
noting that the expression levels of PD-L1 were extremely low on freshly 
isolated NEs. However, when incubated with tumor cells, the expression 
of PD-L1 on NEs was abundantly induced, as demonstrated in 4 T1-NEs 
and 4 T1 CTM groups (Supporting Information Fig. S12). Thus, the 
highly expressed PD-L1 on 4 T1 cells and NEs in 4 T1 CTM was consis-
tent with the immunofluorescence results, indicating that CTM was 
strongly immunosuppressive. HIF-1α can promote EMT program, which 
has been shown in CTCs [34]. Therefore, we performed immunofluo-
rescence staining of E-cadherin and Vimentin on the sections of lung 
metastasis. The results showed that the CTM group had high expression 
of Vimentin and low expression of E-cadherin (Supporting Information 
Fig. S13), indicating that the tumor cells in CTM had the process of EMT 
under the influence of HIF-1α. 

Taken together, we identified that CTM possessed the great metas-
tasis potential by up regulating PD-L1 and HIF-1α might be the pivotal 
target for developing effective intervention routines against CTM 
mediated metastasis. 

3.3. Preparation of neutrophil cyto-pharmaceuticals (PNEs) 

According to the above results, BAY 87–2243 (BAY) [35], a HIF-1α 
inhibitor, was applied to further confirmed whether targeted down-
regulation of HIF-1α in CTM could inhibit CTM mediated metastasis 
(Fig. 4A). In order to obtain the suitable concentration of BAY for further 
study, CCK8 assay was conducted and no significant difference was 
found in cell viability after treatment with BAY up to 20 μM (Supporting 
Information Fig. S14 and S15). Next, we screened the effective con-
centration of BAY based on the inhibition of HIF-1α and shrinkage of 
clusters simultaneously. Western blot analysis showed that HIF-1α 
accumulation in 4 T1 CL or B16 CL significantly declined with the 
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Fig. 3. CTM showed increased metastatic potential. (A) Schematic illustration of the metastatic experimental design of different tumor metastatic entities. (B) 
Mantel-Cox curve showing percent survival of mice after injection of different tumor metastatic entities. n = 8, *P < 0.05, **P < 0.01, ***P < 0.001. (C) Repre-
sentative bioluminescence images of metastasis in mice after tail vein injection of different tumor metastatic entities. n = 5. (D) Representative immunofluorescence 
images of PD-L1 staining (blue) in 4 T1 CL and 4 T1 CTM in vivo. 4 T1-mCherry tumor cells (Red) were surrounded by platelets that were labeled with CD41 antibody 
(Rose red) and neutrophil stained by anti-Ly6G antibody (Green). Scale bar: 5 μm. (E) Representative immunofluorescence images of PD-L1 staining (Red) in 4 T1 
CTM in vitro. Scale bar: 10 μm. (F) Percent of PD-L1 of 4 T1 cells in different groups. n = 3, *P < 0.05, **P < 0.01. ***P < 0.001. All experiments were repeated for 
three time. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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increase of BAY concentration, and 10 μM had a significant inhibitory 
effect (Supporting Information Fig. S16 and S17). Moreover, the average 
size of 4 T1 CL or B16 CL markedly decreased when BAY reached 2 μM 
and displayed a concentration dependence (Supporting Information 
Fig. S18 and S19). Taken together, we chose 10 μM as the BAY con-
centration for the follow-up study. 

In order to avoid the side effects of BAY and improve its efficacy, 
NEs, which could be recruited to CTM via chemotaxis [36], were used to 
construct NE cyto-pharmaceuticals (PNEs) by internalizing BAY loaded 
acetylated-dextran nanoparticles (BAY/NP). The results showed that 
BAY could be efficiently loaded into nanoparticles with the particle size 
about 240 nm when detected by DLS (Fig. 4B). The TEM imaging 
revealed that BAY/NP was spherical and the particle size was slightly 
smaller than that of DLS due to the dehydration. To construct PNEs, 
BAY/NP was simply incubated with NEs and the final PNEs was obtained 
after centrifugation and washed by PBS to remove unloaded BAY/NP. As 
shown in Fig. 4C, the internalization of BAY/NP by NEs was time- 
dependent and achieved plateau after 20 min, which would be used to 
prepare PNEs for further study. The CLSM assay also revealed that 
coumarin 6 labeled BAY/NP could be significantly engulfed by NEs 
(Fig. 4D). After optimization, about 4.3 μg of BAY was found per106 

PNEs. To investigate whether PNEs exhibit active targeting effect to 
CTM, we carried out transwell assays to test the chemotaxis of PNEs 
towards CTM. Intriguingly, we found distinct recruitment of PNEs by 4 
T1 CTM or B16 CTM (Fig. 4E, Supporting Information Fig. S20). 
Meanwhile, there was no significant chemotaxis difference between 
blank NEs and PNEs (Supporting Information Fig. S21). 

Next, we investigated the drug release in vitro by simulating the in 
vivo environment, including the normal physiological condition (RPMI 
medium), during the process of chemotaxis (formyl-met-leu-phe, fMLP), 
at the site of inflammation (phorbol myristate acetate, PMA) and CTM 
microenvironment (conditioned medium of CTM). These results showed 
that PNEs exhibited good stability under physiological condition and 
during the chemokine chemotaxis process and no drug burst release was 
found within 8 h. While, PNEs rapidly released the cargoes under the 
inflammatory microenvironment mimicked by PMA and the conditioned 
medium of CTM (Supporting Information Fig. S22) after 2 h incubation, 
indicating that CTM was capable of triggering the release of drug from 
PNEs. 

Additionally, BAY/NP we prepared are positively charged and pos-
sesses the function of endo/lysosomal escape the membrane disruption 
of the cationic lipid of TA2-Glu-Lys. The function of endo/lysosomal 

Fig. 4. Preparation of neutrophil cyto-pharmaceuticals (PNEs). (A) Schematic illustration of PNE preparation. (B) The size and SEM image of BAY/NPs. (C) Uptake of 
BAY87–2243 with different incubation time. (D) The fluorescent image of Coumarin6-tagged PNEs. Scale bar: 5 μm. (E) Relative number of PNEs recruited towards 4 
T1 CTM. n = 12, *P < 0.05, **P < 0.01. All experiments were repeated for three times. (F) Time course of coumarin 6 (Green) uptake by 4 T1-mCherry tumor cells 
(Red) in CTM. Scale bar: 10 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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escape was also investigated and the results showed that BAY/NP could 
efficiently escape from the endo/lysosome (Supporting Information 
Fig. S23), which would maintain the stability of BAY/NP intracellularly. 
Moreover, the intact BAY/NP was also found in the conditional medium 
(Supporting Information Fig. S24), suggesting that BAY could be deliver 
to tumor cells in CTM in the form of free drug or BAY/NP. Meanwhile, 
we also investigated the drug release from BAY/NP with similar con-
dition as described above. The results found that BAY/NP possessed 
sustained release effect in different media and less 15% of BAY release 
from BAY/NP after 10 h incubation, which would be benefit to 
remaining stable within neutrophils and did not damage to cellular 
function (Supporting Information Fig. S25). 

To better understand the drug delivery from PNEs to CTM, coumarin 
6 labeled BAY/NP was applied to prepare PNEs (coumarin 6-PNEs). The 
results showed that when 4 T1 CTM and coumarin 6-PNEs were co 
cultured for 0.5 h, the accumulation of coumarin 6 in 4 T1-mCherry 
tumor cells began to increase (Fig. 4F). The uptake process was time- 
dependently and reached a peak level at 2 h, implying the basis for 

effective BAY delivery from PNEs towards CTM. Meanwhile, NPs loaded 
DiD and C6 were applied to investigate the drug release in tumor cells. 
After the NPs were internalized by tumor cells, the accumulation of DiD 
and C6 were gradually increased, and changed from colocalization to 
diffuse in cells (Supporting Information Fig. S26). These results sug-
gest that NPs can gradually release drugs in tumor cells. In addition, to 
better understand the drug release of PNEs in vivo, C6 and DiD co-labeled 
NPs were applied to prepare PNEs, and neutrophils were labeled with 
DiR. The results showed that when PNEs were injected into the 4 T1 
CTM tail vein injection mice, the fluorescence is scattered in lung 
metastasis, indicating that NPs were separated from neutrophils, and the 
drugs in NPs were released (Supporting Information Fig. S27). 

3.4. Intervention effect of PNEs on hypoxia and HIF-1α in CTM 

To explore the effect of PNEs on CTM, hypoxia probe staining was 
applied to assay hypoxic status in CTM. The results showed that 4 T1 
CTM visualized apparent hypoxia relief after treatment with BAY, BAY/ 

Fig. 5. Intervention of PNEs on hypoxia and HIF-1α in CTM. (A) Representative immunofluorescence images of hypoxia probe staining in 4 T1 CTM after treatment 
with BAY, BAY/NP, NEs, and PNEs, respectively. 4 T1 tumor cells were surrounded by platelets that were labeled with CD41 antibody (Rose red) and neutrophil 
stained by anti-Ly6G antibody (Green). Hypoxia probe (Red) in the 4 T1 CTM was evaluated by immunofluorescence. Scale bar: 10 μm. (B) Representative 
immunofluorescence images of HIF-1α staining in 4 T1 CTM after treatment with BAY, BAY/NP, NEs, and PNEs, respectively. Scale bar: 5 μm. (C) The level of HIF-1α 
(Red) in 4 T1 CTM after treatment with BAY, BAY/NP, NEs, and PNEs (10 μM and 20 μM) was examined by western blot. Representative gel electrophoresis bands 
were shown. (D) Representative immunofluorescence images of PD-L1 staining (Red) in 4 T1 CTM after treatment with BAY, BAY/NP, NEs, and PNEs, respectively. 
Scale bar: 5 μm. (E) Percent of PD-L1 of 4 T1 cells in 4 T1 CTM after treatment with BAY, BAY/NP, NEs, and PNEs, respectively. n = 3, ns, not significant, *P < 0.05, 
**P < 0.01. ***P < 0.001. All experiments were repeated for three time. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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NP, and PNEs, whereas no inhibition effect observed with blank NEs 
(Fig. 5A). The similar results were obtained in B16 CTM (Supporting 
Information Fig. S28). Then, immunofluorescence staining results 
confirmed decreased levels of HIF-1α in CTM, which was well consistent 
with the hypoxia probe results (Fig. 5B, Supporting Information 

Fig. S29). Furthermore, western blot analysis showed 45% and 53% 
down-regulation of HIF-1α after PNEs (10 μM) treatment in 4 T1 CTM 
and B16 CTM, respectively (Fig. 5C, Supporting Information Fig. S30). 
Additionally, the downstream genes of HIF-1α, such as Glut1, Vegfa, 
Pdk1, Ldha, Gdf15, Ccng2, and P4ha1 (Supporting Information Fig. S31), 

Fig. 6. PNEs effectively inhibited CTM mediated lung metastasis. (A) Schematic illustration of the 4 T1 CTM lung metastasis models establishment and dosing 
regimen. (B) Bioluminescence images of lung metastasis in 4 T1 CTM tail vein injection mice after treatment of BAY, BAY/NP, NEs, and PNEs. (C) Quantitative 
analysis of biofluorescence in Fig. 3B. (D) Bioluminescence images of ex vivo lungs in different groups. (E) Quantitative analysis of average radiance. n = 5, ns, not 
significant, *P < 0.05, **P < 0.01. (F) Quantitative analysis of numbers of metastasis nodules in different groups. n = 5, ns, not significant, *P < 0.05, **P < 0.01. (G) 
Quantitative analysis of metastatic areas in whole lung sections. n = 5, ns, not significant, *P < 0.05, **P < 0.01, ****P < 0.0001. (H) Mantel-Cox curve showing 
percent survival of mice in different groups. n = 7, ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001. 
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as well as the EMT related genes Snail and Twist (Supporting Information 
Fig. S32), which were dramatically elevated in 4 T1 CTM, were all 
significantly downregulated after treating with PNEs. 

Next, we investigated whether the expression of PD-L1 in 4 T1 CTM 
could be inhibited by PNEs. Immunofluorescence results showed 
decreased PD-L1 expression after treatment with BAY, BAY/NP, and 
PNEs, respectively, whereas no obvious difference after treatment with 
blank NEs (Fig. 5D). Additionally, we analyzed the quantitative 
expression of PD-L1 on 4 T1 cells and NEs, the results showed that BAY, 
BAY/NP, and PNEs could significantly inhibit PD-L1 expression on 4 T1 
cells (Fig. 5E, Supporting Information Fig. S33). In contrast, the 
expression of PD-L1 on NEs in each group was hardly affected by 
different treatments (Supporting Information Fig. S31 and Fig. S34), 
indicating that the intervention of BAY mainly influenced the expression 
of PD-L1 on 4 T1 cells, but not on NEs. Collectively, these results 
demonstrated that PNEs could effectively alleviate hypoxia and down-
regulate HIF-1α accumulation in CTM. The underlying mechanism of 
metastasis inhibition by PNEs might be attributed to the downregulation 
of PD-L1, which would induce the enhanced immune response for 
inhibiting metastatic tumor cells. 

3.5. PNEs effectively inhibited CTM mediated lung metastasis 

Based on the active targeting effect of PNEs and the excellent in vitro 
efficacy, we next investigated whether CTM mediated metastasis could 
be restrained by PNEs. In order to obtain better therapeutic effect, our 
administration regimen includes early intervention of tumor cells in the 
circulating emboli and subsequent intervention in the formation period 
of metastasis. 4 T1 CTM was directly injected into tumor-free recipient 
mice via the tail vein to establish 4 T1 CTM mediated lung metastasis 
models and mice were treated with PNEs at indicated timepoint 
(Fig. 6A). The in vivo bioluminescence imaging results showed that 
administration of BAY/NP and PNEs could effectively inhibit the growth 
of lung metastases (Fig. 6B and C) and quantitative analysis of average 
radiance of ex vivo lungs were consistent with in vivo imaging (Fig. 6D 
and E). Notably, free BAY hardly showed any inhibition effect, probably 
due to the relatively low concentration of BAY reaching the 4 T1 CTM. 
Furthermore, mice treated with PNEs had fewer metastatic nodules in 
lung when compared to that treated with BAY/NP and other groups 
(Fig. 6F, Supporting Information Fig. S35). Moreover, we analyzed 
metastatic areas in whole lung sections after PNEs treatment and found 
the same outcome of minimum area among all groups (Fig. 6G, Sup-
porting Information Fig. S36), indicating that PNEs could maximally 
inhibit metastases. Correspondingly, mice treated with PNEs survived 
for the longest time, indicating the superiority of NEs based drug de-
livery strategy for restraining metastasis (Fig. 6H). Whereas, blank NEs 
infusion slightly shortened lifespan, probably due to the transformation 
of NEs into pro-tumor N2 type under the acclimation of tumor cells [37], 
which cannot be ignored when using PNEs to treat metastasis. In this 
study, the drug loaded into NEs can reach the target site more effec-
tively, which offsets the problems caused by NEs themselves. In addi-
tion, given our previous research, PNEs can prevent extravasation of 
tumor cells or inhibit the growth of the existing metastasis [38,39]. 
Therefore, PNEs are still a potential tactics to inhibit CTM mediated 
metastasis. 

Furthermore, the bio-safety study showed that consistent with pre-
vious reports, oral administration of BAY resulted in serious gastric 
erosion and small intestine lesions. However, there was no significant 
difference between saline and PNEs groups (Supporting Information 
Fig. S37). Alcian blue staining and quantitative analysis showed typical 
gastrointestinal toxicity such as loss of crypt cellularity, shortened 
length of villus and shallowed depth of crypt after BAY administration, 
while these symptoms were not occurred in PNEs treated mice (Sup-
porting Information Fig. S38), suggesting that PNEs could avoid the side 
effect of BAY. Additionally, the declining amplitude of body weight of 
mice remained the mildest in PNEs treatment group (Supporting 

Information Fig. S39), which further demonstrated the safety and effi-
cacy of PNEs. Collectively, these results confirmed that PNEs could 
effectively inhibit CTM mediated lung metastasis with good bio-safety. 

4. Conclusions 

In conclusion, our work confirmed that CTM, which was formed by 
CTC clusters, platelets and neutrophils, has a high ability to promote 
tumor metastasis due to hypoxia, upregulation of HIF-1α accumulation 
and enhanced immune escape. Via the chemotaxis of NEs to CTM, we 
successfully constructed neutrophil cyto-pharmaceuticals loaded with 
HIF-1α inhibitor (PNEs) for targeted intervening CTM mediated metas-
tasis. Intriguingly, PNEs could significantly relieve hypoxia, down-
regulate HIF-1α in CTM, finally inhibiting CTM mediated lung 
metastasis and prolonging the lifespan without side effects. The 
improved suppression of CTM mediated metastasis by PNEs might be 
due to the decreased expression of PD-L1, which results in the 
enhancement of immune response. This study further expands the bio-
logical mechanism of tumor metastasis and provides a potential strategy 
based on neutrophil cyto-pharmaceuticals for treating tumor metastasis. 
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