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Neutrophil hitchhiking for drug delivery  
to the bone marrow

Zhenyu Luo, Yichao Lu, Yingying Shi, Mengshi Jiang, Xinyu Shan, Xiang Li, 
Junlei Zhang, Bing Qin, Xu Liu, Xuemeng Guo, Jiaxin Huang, Yu Liu, Sijie Wang, 
Qingpo Li     , Lihua Luo      & Jian You     

Pharmaceuticals have been developed for the treatment of a wide range 
of bone diseases and disorders, but suffer from problematic delivery to 
the bone marrow. Neutrophils are naturally trafficked to the bone marrow 
and can cross the bone marrow–blood barrier. Here we report the use of 
neutrophils for the targeted delivery of free drugs and drug nanoparticles to 
the bone marrow. We demonstrate how drug-loaded poly(lactic-co-glycolic 
acid) nanoparticles are taken up by neutrophils and are then transported 
across the bone marrow–blood barrier to boost drug concentrations in 
the bone marrow. We demonstrate application of this principle to two 
models. In a bone metastasis cancer model, neutrophil delivery is shown 
to deliver cabazitaxel and significantly inhibit tumour growth. In an 
induced osteoporosis model, neutrophil delivery of teriparatide is shown 
to significantly increase bone mineral density and alleviate osteoporosis 
indicators.

Bone disorders, such as bone cancer, osteomyelitis, osteoporosis and 
osteoarthritis, are common in clinical practice1. However, despite dec-
ades of medical advances, the problems in treating bone diseases have 
yet to be solved entirely because of bone’s low blood-perfusive nature2, 
also known as the bone marrow–blood barrier3. As a result of this, effec-
tive drug concentrations in bone are easier to achieve if higher doses 
are administrated, which leads to increased toxic side effects. To solve 
this dilemma, researchers have developed a number of nanocarriers 
(of different sizes)4 and molecules (such as bisphosphonates5,6, aptam-
ers7,8 and peptides9) to encapsulate therapeutic drugs10; however, the 
bone-marrow-targeting ability of these nanoparticles is still greatly 
limited by the low blood perfusion and the ability to actively cross 
vascular endothelial cells into bone marrow.

Neutrophils (NEs) are the most common leukocytes in the body, 
accounting for 50–70% of circulating human leukocytes. In the bone 
marrow, 60% of progenitor cells differentiate into neutrophils11. At a 
later stage of maturation, neutrophils progressively express CXCR2, 
G-CSFR or Toll-like receptors, which respond to inflammatory signals 
and assist neutrophils in migrating into the bloodstream12. When in the 
blood, neutrophils are characterized by a high expression of CXCR2 

and low expression of CXCR413, which facilitates their infiltration into 
sites of inflammation14,15.

Adults produce ~100 billion neutrophils per day, and a similar 
number of senescent cells must be replaced periodically to maintain 
homeostasis16. As a result, neutrophils have a relatively short lifespan 
with a half-life of ~19 h (ref. 11), which is followed by senescence and 
apoptosis. Some studies have shown that CXCR4 is re-elevated in neu-
trophils when senescence occurs, whereas CXCR2 decreases. Moreover, 
under the influence of CXCR4/CXCL12 signals17, aged neutrophils shift 
to the bone marrow for apoptosis13,18–22. This means that drugs may be 
actively delivered into bone marrow by hitchhiking with aging neutro-
phils on their way back to the bone marrow.

To treat bone disorders effectively, we propose a method to deliver 
drugs into the bone marrow by taking advantage of the life cycle of neu-
trophils. We hypothesize that drugs might be efficiently transported 
into the bone marrow by hitchhiking with bone marrow-tendentious 
neutrophils (BMTNs), thereby enhancing therapeutic efficacy. We 
first chose the free probe drug FDG and demonstrated that BMTNs 
can indeed take up the drug and carry it into the bone marrow. Two 
therapeutic agents, cabazitaxel (CTX; Jevtana) and teriparatide  
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smooth surfaces (Fig. 2b), and the characteristic release curve of CTX 
demonstrated the sustained cargo-releasing ability of the CTX-NPs. 
About 29% of CTX was released within two days, with the remaining 
drugs released continuously over a period of eight days (Fig. 2c and 
Supplementary Fig. 1).

Neutrophils were isolated from the bone marrow by density gra-
dient centrifugation and identified by flow cytometry with a purity  
of ~91% (Fig. 2d). Transmission electron microscopy (TEM) images (Fig. 2e)  
showed that CTX-NPs (indicated by arrows) could be successfully 
taken up by neutrophils within 1 h to form CTX-NPs@NEs, consist-
ent with the dot-like signal of FITC-labelled CTX-NPs@NEs in the cell 
shown in the fluorescence images in Fig. 2f. Meanwhile, the concentra-
tion of nanoparticles affected the uptake performance of the neutro-
phils. With increasing concentration, a stronger fluorescence signal 
could be detected (Supplementary Fig. 3), and the percentage of DiD+ 

(PTH (1-34), PTH in short; Forteo) were then selected. Jevtana is approved 
for the treatment of prostate cancer23 and also shows promising results 
in breast cancer24, and Forteo is approved for the treatment of oste-
oporosis25. To reduce the frequency of administration, we prepared 
poly(lactic-co-glycolic acid) (PLGA) nanoparticles of CTX and PTH, 
respectively, to give them a slow-release effect while being more favour-
able for neutrophil uptake and delivery. Our data suggest that adequate 
bone-marrow-targeted delivery of drugs can be achieved by adoptive 
infusion of the BMTNs, providing a platform for targeted drug delivery 
to the bone marrow and the effective treatment of bone disorders (Fig. 1).

Preparation and characterization of CTX-NPs and 
CTX-NPs@NEs
The prepared CTX-loaded PLGA nanoparticles (CTX-NPs) had an aver-
age particle size of 168 ± 6.3 nm (Fig. 2a). They were uniform, with 
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Fig. 1 | Neutrophil-based bone-marrow-targeted drug-delivery system 
actively delivers drugs into the bone marrow. a, Neutrophils isolated from the 
bone marrow ingest drugs and return back to the bone marrow when aging.  
b, Delivery of CTX to treat osseous metastasis tumour. c, Delivery of PTH to treat 

osteoporosis. d, Representative results from Fig. 5. e, Representative results from 
Fig. 4 Panels a–c adapted from SMART Servier under a Creative Commons license 
CC BY 3.0.
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Fig. 2 | Characterization of CTX-NPs and CTX-NPs@NEs. a, Particle size 
distribution of the CTX-NPs. b, TEM image of the CTX-NPs, showing their 
uniform morphology. c, The cumulative release (0–10 days) of CTX from PLGA 
nanoparticles, detected by HPLC. d, Flow cytometric analysis of the purity 
of neutrophils doubly-stained with FITC anti-mouse Ly-6G/Ly-6C (Gr1) and 
Phycoerythrin (PE) anti-mouse MAIR-IV (CLM-5) antibodies. The flow cytometry 
gating strategy is shown in Supplementary Fig. 2. e, TEM images of CTX-NPs@
NE. The arrows indicate CTX-NPs. f, Confocal laser scanning microscope images 
of one CTX-NPs@NE. Hoechst, nucleus; DiD, cell membrane; FITC, CTX-NPs. 
g, The proportion of CXCR4hi neutrophils changed over time, detected by flow 

cytometry. The flow cytometry gating strategy and representative flow plots are 
provided in Supplementary Fig. 4. h, Schematic of the Transwell migration assay. 
Cells were seeded in the upper chamber while CXCL12 was added in the lower 
chamber. i, Fluorescent images of neutrophils or CTX-NPs@NEs (DiD-labelled) 
in the lower chambers with and without CXCL12 (20 ng ml−1) and AMD3100 
(1 mg ml−1). j,k, The number of migratory neutrophils (j) and CTX-NPs@NEs 
(k), determined by ImageJ software. All experiments were repeated three 
times independently, with similar results. All data are expressed as mean ± s.d. 
Statistical significance was evaluated by an unpaired two-tailed t-test.
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(DiD, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine,4-c
hlorobenzenesulfonate salt) neutrophils (DiD-NPs@NEs) increased 
from 35% (nanoparticle concentration, 0.1 mg ml−1) to 99% (3 mg ml−1). 
Also, the time required for internalization was reduced, with 1 h being 
sufficient to obtain DiD-NPs@NEs, in agreement with other reported 
studies26. Moreover, the drug loading capacity of the CTX-NPs@NEs 
was up to 2.8 µg CTX per 106 cells, as detected by high-performance 
liquid chromatography (HPLC).

Migration ability of CTX-NPs@NEs
Neutrophils newly migrating to blood are highly expressed with CXCR2 
and low with CXCR4. However, CXCR4 expression is upregulated during 
neutrophil senescence, conferring the ability to migrate back to the 
bone marrow. To target inflamed organs, researchers need to com-
plete the steps of neutrophil extraction, co-incubation with nano-
particles, and cell reperfusion within 4 h to ensure that the adoptive 
neutrophils are CXCR2high CXCR4low (ref. 26). However, in our work, 
the neutrophils need to be cultured in vitro for 6 h to obtain more 
bone-marrow-targeted neutrophils (BMTNs) with high CXCR4 expres-
sion before administration (Fig. 2g and Supplementary Fig. 4), as this 
better accessed the homing effect of aging neutrophils, taking thera-
peutic drugs to the bone marrow rather than a site of inflammation.

A Transwell assay was used to test the responsiveness of the BMTNs 
to CXCL12 (stromal cell-derived factor (SDF)-1α) (Fig. 2h). Aged neutro-
phils (6 h separated from the bone marrow, containing 33–35% Annexin 
V+ cells; Supplementary Fig. 5) loaded with nanoparticles (CTX-NPs@
NEs) were seeded in the upper chamber, and CXCL12 was added to the 
lower chamber. The data in Fig. 2i,j,k suggest that the CTX-NPs@NEs 
have responded positively to CXCL12, moving quickly through the 3-µm 
pore to the lower chamber. After 0.5 h, the number of neutrophils in the 
lower chamber increased significantly under the influence of CXCL12, 
whereas in the group without CXCL12 there were few cells in the lower 
chamber. Meanwhile, the chemotactic ability of the CTX-NPs@NEs 
was greatly diminished by the addition of AMD3100 (CXCR4 receptor 
antagonist) with CXCL12. More importantly, although this phenom-
enon had been demonstrated in aging neutrophils, it does not occur in 
dead neutrophils, even with high CXCR4 expression (Supplementary 
Fig. 6). In the short term, the effect of CTX on neutrophils is minimal 
due to the encapsulation of PLGA (Supplementary Fig. 7), promising 
further applications of CTX-NPs@NEs in vivo.

Killing effect of CTX-NPs@NEs on breast tumour 
cells
The sustained drug release and tumour-cell-killing ability of the 
CTX-NPs@NEs were verified next. Compared with a control group 
(Con), the CTX-NPs and CTX-NPs@NEs groups showed significantly 
higher tumour-cell-killing ability in bright-field images (Supplementary 
Fig. 8a). To accurately measure the tumour killing rate, the experiment 
was repeated with 4T1 Luc cells. Cell viability was detected by measuring 
a bioluminescence signal, and the results were found to be similar (Sup-
plementary Fig. 8b). Moreover, the killing ability of a high concentration 
of free CTX (10 µg ml−1) was more potent than that of CTX-NPs@NEs, 
reflecting that CTX in PLGA nanoparticles does not release entirely at 
once, allowing a high concentration of CTX to be maintained in the 
bone marrow for a long time, thus improving the anti-tumour effect.

Biodistribution of neutrophils and NPs@NEs
We first examined the ability of neutrophils to actively migrate into 
the bone marrow and deliver the free drug FDG there. The BMTNs (age 
6 h) migrated rapidly, with large numbers of FDG-labelled neutrophils 
having already entered the bone marrow within 2 h, and the radiation 
signal in the bone marrow continuing to increase (Fig. 3a–c and Sup-
plementary Videos 3 and 4). However, the enrichment of apoptotic 
neutrophils (age 24 h) in the bone marrow was reduced (Supplementary 
Videos 5 and 6), probably because of direct apoptosis of neutrophils 

in the spleen and liver. In contrast, free FDG was mainly taken up by 
severely energy-depleted muscle and brain and did not accumulate in 
the bone marrow at all (Supplementary Videos 1 and 2). DiR-NPs and 
DiR-NPs@NEs (DiR, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarb
ocyanine iodide) were injected back into healthy mice to observe the 
distribution in vivo. It was clear that DiR-NPs tended to be intercepted 
by the liver’s reticuloendothelial system. However, the signal of the 
DiR-NPs@NEs was relatively reduced in the liver and increased in the 
spleen, lung and bone marrow (Fig. 3d). Next, 1/8 weight of liver (the 
liver was divided equally into 8 pieces, one of which was selected.), 1/3 
weight of spleen and bone marrow (femur and tibia) of mice in differ-
ent groups were thoroughly ground, and fluorescence signals were 
observed under a fluorescence microscope. Consistent with the results 
in Fig. 3d, the fluorescence intensity of DiR-NPs@NEs decreased in the 
liver, but increased in the spleen and bone marrow, indicating that 
the neutrophils have changed the distribution characteristics of the 
nanoparticles (Fig. 3e). This was validated in the bone metastasis model 
and the osteoporosis model (Supplementary Fig. 9). We also repeated 
the experiment with DiD-NPs and DiD-NPs@NEs, and the immunofluo-
rescence images showed that nanoparticles were trapped in the liver, 
whereas NPs@NEs were more inclined to migrate to the spleen and 
bone marrow (Fig. 3f and Supplementary Fig. 10). Free CTX, CTX-NPs 
and CTX-NPs@NEs were also injected intravenously into mice. The 
femurs and tibias of the mice were collected after 6 h, 24 h and 48 h, 
and the content of CTX in the bone marrow was determined by HPLC. 
It was found that drug-encapsulated neutrophils played a significant 
role in drug concentration and maintenance, with greatly increased 
drug concentrations compared with CTX-NPs (Supplementary Fig. 11a). 
At the same time, drug concentration in the spleen was also elevated 
(Supplementary Fig. 11b).

Anti-tumour effect of CTX-NPs@NEs on bone 
metastasis
The leading cause of death in patients with breast tumours is the meta-
static spread of tumour cells27, and bone marrow is one of the most com-
mon destinations for these cells28,29. We established a bone metastasis 
tumour model to verify the anti-tumour effect of CTX-NPs@NEs (which 
can actively enter bone marrow). The experimental scheme is shown 
in Fig. 4a. After three weeks of treatment, mice in the CTX-NPs@NEs 
group had the smallest leg circumference (Fig. 4b, c). In addition, the 
bioluminescence signal from 4T1 Luc cells in the tumours was signifi-
cantly suppressed in the CTX-NPs@NEs group compared with that in 
the other groups (Fig. 4h). The bright-field images in Fig. 4h show leg 
swelling in the mice in the saline, CTX, CTX-NPs and NEs groups, sug-
gesting that tumour cells have burst through the bone. The femurs 
and tibias were crushed into pieces in all groups except the Sham and 
CTX-NPs@NEs groups (Fig. 4i). The fragile bones might be related to 
the loss of calcium during tumour progression. However, CTX-NPs@
NEs prevented the loss of bone mineral density (BMD; Fig. 4j) and show 
the best inhibitory effect on tumours.

One of the pathologic hallmarks of the 4T1 tumour model is 
splenomegaly, which is mostly due to myeloid cell expansion with 
cancer-associated inflammation30–32. Tumour-bearing mice in the 
CTX, CTX-NPs and saline groups suffered more from splenomegaly 
than mice in the CTX-NPs@NEs group (Fig. 4d,e), and the spleen mass 
increased by 102.8%, 106.4% and 153.2% in these groups, respectively. 
Moreover, although the mice in the CTX-NPs@NEs group had the best 
survival rate (Fig. 4f), they lost weight (Fig. 4g), indicating possible 
potential toxicity.

Effects of PTH-NPs on osteoblasts
In addition to fighting bone metastasis, we found that neutrophils 
can be used as a versatile vector for loading with a variety of drugs 
acting on bone marrow, such as teriparatide, which is used to treat 
osteoporosis, promote the growth of osteoblasts and inhibit the 
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growth of osteoclasts. Alkaline phosphatase (ALP) is a phenotypic 
marker of early osteoblast differentiation33, and osteocalcin (OCN) 
is a unique non-collagenous protein that is synthesized and secreted 
only by osteoblasts34 in the late stages of osteoblast differentiation35. 
Tartrate-resistant acid phosphatase (TRAP), on the other hand, is a 
marker of osteoclast activity. In vitro, free PTH and PTH-NPs@NEs were 
cultured with preosteoblasts, respectively. The relative messenger 
RNA (mRNA) expression of ALP was higher in the PTH-NPs@NEs group 
than in the Control and Free PTH groups, indicating that the cells in 
this group were in the stage of early differentiation (Supplementary  
Fig. 12a). Meanwhile, the relative mRNA expression of OCN was 
increased in the Free PTH and PTH-NPs@NEs groups compared with 

the Control group, which indicated that both free PTH and PTH-NPs@
NEs had induced differentiation of stem cells into osteoblasts. Mean-
while, we noticed that the ability of PTH-NPs@NEs to induce stem cells 
to differentiate into osteogenesis and inhibit them from differentiat-
ing into osteoclasts was weaker than that of free PTH (Supplementary  
Fig. 12b,c), which might be related to the slow release of the PLGA, 
leading to the preosteoblasts in PTH-NPs@NEs group still in the early 
stage of differentiation.

Impact of PTH-NPs@NEs on osteoporosis
The osteoporosis model was established by ovariectomy of 
three-month-old female C57BL/6 mice. After 50 days of recovery, the 
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Preclinical (n = 3). The sample size in the NEs group was less than 3 at 21 days, so 
another two samples were added into this group from mice that had died during 
treatment. All data are expressed as mean ± s.d. Statistical significance was 
evaluated by an unpaired two-tailed t-test.
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Fig. 5 | Impact of PTH-NPs@NEs on osteoporosis. a, Therapeutic scheme for 
the osteoporosis model in C57BL/6 mice. b–d, At the end of the experiment, the 
serum sample was collected to measure the level of calcium (b), OCN (c) and 
cAMP (d) (n = 5). e, Micro CT images of the cross-sectional bone structure of the 
lower part of the femurs at the end of the experiment. f–h, Quantitative analysis 
of trabecular BMD (f), BV/TV (g) and Tb.Sp (h) (n = 5), where the dotted lines 

represent the median values. i, Immunohistochemistry images of TRAP and OCN 
staining of bone sections from each group. Arrow heads, significant regions of 
TRAP or OCN signals. Scale bars, 200 µm. The experiment was repeated three 
times independently, with similar results. All data are expressed as mean ± s.d. 
Statistical significance was evaluated by an unpaired two-tailed t-test.
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mice were randomly divided into five groups (Fig. 5a). After treatment, 
the mice were euthanized and the serum levels of calcium and OCN 
measured. In addition, cAMP, a signalling molecule responsible for 
initiating the cellular process of bone development in osteoblasts, 
which is upregulated by PTH36, was also detected. The results show 
that groups containing PTH had markedly improved calcium, OCN 
and cAMP levels in serum compared to the ovariectomy (OVX) group 
(Fig. 5b–d). These data suggest that PTH-NPs@NEs can effectively 
stimulate the production of osteoblasts in vivo. Trabecular BMD was 
then examined by micro CT. Femurs from the OVX, PTH and PTH-NPs 
groups exhibited significant losses of bone mass, whereas bone-mass 
loss in the PTH-NPs@NEs group was greatly reduced (Fig. 5e). Although 
parameters including trabecular BMD, bone volume fraction (BV/TV) 
and trabecular separation (Tb.Sp) (Fig. 5f–h) were slightly recovered in 
the PTH and PTH-NPs groups, mice in the PTH-NPs@NEs group show 
the best therapeutic effect, with the parameters completely recovered 
compared to that of the Sham group.

We also examined the number of bone-resorbing, 
tartrate-resistant, acid phosphatase-positive osteoclasts and 
OCN-positive osteoblasts in the bone samples. TRAP staining showed 
that the number of osteoclasts eroding the bone surface was reduced 
in the PTH-NPs@NEs group compared with the OVX, PTH and PTH-NPs 
groups (Fig. 5i). However, the changing trend of OCN was opposite, pos-
sibly due to the increase of osteoblasts after injection of PTH-NPs@NEs 
(Fig. 5i). Also, haematoxylin and eosin staining was performed and no 
obvious toxic side effects were seen in heart, liver, spleen, lung, kidney 
or bone marrow (Supplementary Fig. 13).

Safety of a neutrophil-based drug-delivery 
platform
To assess the safety of the CTX-NPs@NEs and PTH-NPs@NEs, additional 
experiments were conducted to determine any toxic effects after two 
and seven days of treatment. The CTX-based therapy group showed 
differences in the levels of lactate dehydrogenase (LDH) and aspartate 
aminotransferase (AST) on day 7 due to its own toxicity, whereas the 
changes in the basic biochemical parameters of blood in the PTH-based 
treatment group were not statistically significant (Fig. 6). Specifically, 

the LDH values in CTX-NPs group and the AST values in the Free CTX, 
CTX-NPs and CTX-NPs@NEs groups were upregulated compared to 
those in the saline group, indicating possible organ toxicity. Given 
the myelosuppressive effect of CTX, especially on neutrophils, we 
also examined the proportion of neutrophils in the bone marrow. The 
results showed that mice in the Free CTX and CTX-NPS@NEs groups 
experienced severe myelosuppressive damage at day 7 of treatment 
(Supplementary Fig. 14). In contrast, there was almost no myelosup-
pressive effect when CTX was replaced with PTH.

Discussion
Bone disorders are increasingly prevalent and are also intimately associ-
ated with dire prognoses. Surgery is typically inappropriate for bone 
illnesses such as cancer bone metastasis, because the bone is a complex 
object enclosed by muscle. In addition, poor haemoperfusion and the 
marrow–blood barrier make it difficult for medications to function in 
the bone marrow2,3.

Neutrophils, when mature, leave the bone marrow, but then return 
before apoptosis. CXCR2 and CXCR4 receptors play an important role 
in the homing and egression of neutrophils to and from the bone mar-
row. Newly matured neutrophils show a high expression of CXCR2 and 
low expression CXCR4, which helps them find and migrate to inflam-
matory sites quickly. However, neutrophils have a short lifespan, which 
is followed by senescence and apoptosis. At this point, the expression 
of CXCR2 and CXCR4 reverse, resulting in the return of neutrophils to 
the bone marrow, where CXCL12 is located13,18–22.

We took advantage of aging neutrophils’ capacity to re-enter the 
bone marrow for drug delivery. After being ingested by neutrophils, 
drug-loaded nanoparticles hitchhike into the bone marrow. We first 
demonstrated that BMTNs can transport free drugs or drug-loaded nano-
particles into the bone marrow by using PET/CT imaging and fluorescence 
imaging, respectively (Fig. 3). We then applied the drug delivery strategy 
to the treatment of bone metastasis and induced osteoporosis models. In 
the advanced stages of breast cancer, bone metastasis frequently occurs. 
CTX-NPs@NEs greatly inhibited the growth of breast cancer in the bone 
marrow (Fig. 4). However, CTX has toxic side effects. Bone marrow is 
a germinal centre for bone marrow-derived cells such as neutrophils, 
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Fig. 6 | Toxicity of the neutrophil-based bone-marrow-targeted drug-delivery 
system. Major organ toxicity was assessed by basic biochemical analysis 
of blood for LDH, creatinine (CR), AST and alanine aminotransferase (ALT) 
levels in different groups at days 2 and 7 (n = 3). The dosing regimen and dose 

administered are the same as in Figs. 4a and 5a. On the second and seventh day of 
treatment, three mice in each group were euthanized to collect blood and a bone-
marrow single-cell suspension for analysis. All data are expressed as mean ± s.d. 
Statistical significance was evaluated by an unpaired two-tailed t-test.
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lymphocytes, macrophages and dendritic cells. It is known that Sanofi’s 
drug Jevtana has the side effect of neutropenia with myelosuppression, 
as was also found in our experiment (Supplementary Fig. 14). Accord-
ingly, the choice of modifying CTX with tumour-specific antibodies, or 
loading safer drugs, like PTH, is more favourable for the performance of 
this neutrophil-based delivery platform (Fig. 5).

Although the clinical translation of cellular drugs is generally 
tricky, there are still some opportunities for BMTN-based drug-delivery 
systems. Neutrophils are readily available—1011 neutrophils enter the 
bloodstream every day16, and blood neutrophil concentrations are as 
high as 1.5 to 7.8 × 106 ml−1 (ref. 37), allowing them to be easily obtained 
by drawing blood before drug administration. The fact that the col-
lected cells are from the patient makes the issue of immunogenicity 
less of a concern, which also cleverly masks the immunogenicity of the 
nanoparticles. However, the process still has many shortcomings. For 
example, the preparation of cells is very demanding for hospitals—it 
requires drawing cells from patients in advance, is subject to poor 
patient compliance and incurs high costs. However, overall, we have 
exploited the neutrophil life cycle to actively deliver drugs into the 
bone marrow, and this might have great application potential in the 
treatment of further types of bone disorder.

Online content
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Methods
All experiments were carried out in accordance with the require-
ments of the Zhejiang University Animal Study Committee (approval  
no. 17444).

Reagents
Teriparatide (PTH (1–34)) was synthesized at DgPeptidesC. PLGA 
(75:25 (wt:wt); Mw 25 kDa) was from Dai Gang Biological Company. 
Polyvinyl alcohol (PVA, Mw 38 kDa) was obtained from Sigma-Aldrich. 
CTX was obtained from Aladdin. DAPI, 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2-H-tetrazolium bromide (MTT), DiD, DiR and d-luciferin 
potassium salt were purchased from Beyotime Institute of Biotechnol-
ogy. CXCL12 (SDF-1α) and CXCR4 antagonist plerixafor (AMD3100) 
were purchased from PeproTech.

Antibodies for immunostaining, such as TRAP and OCN, were 
obtained from BioLegend. Mouse FITC anti-Gr1, PE anti-MAIR4 anti-
bodies for flow cytometry (fluorescent activated cell sorting) assay 
were purchased from BioLegend. The Transwell support with 3-µm 
pore polyester membrane inserts was purchased from Merck KGaA.

Cell lines and animals
The murine 4T1 and 4T1 Luc (luciferase transfected) breast cancer 
cell lines were originally obtained from the Institute of Biochemistry 
and Cell Biology. The cells were grown in Dulbecco’s modified Eagle 
medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin in 25-cm2 flasks at 37 °C in a humidified atmosphere 
containing 5% CO2.

Six- to eight-week-old BALB/c mice (female) and three-month-old 
C57BL/6 mice (female) were purchased from SHANGHAI SLAC Labora-
tory Animal Co., Ltd. In vivo experiments were carried out in accord-
ance with the requirements of the Zhejiang University Animal Study 
Committee on the care and use of experimental animals in the research.

Isolation of murine NEs from bone marrow
The bones were obtained from euthanized mice on a clean bench. Bone 
marrow was rinsed with phosphate-buffered saline (PBS), centrifuged 
at 250g for 4 min, and resuspended in 1 ml of PBS. Density gradient cen-
trifugation solution was prepared by carefully pouring 2 ml of 75%, 65% 
and 55% (vol/vol) Percoll (Pharmacia) mixture solution sequentially, and 
1 ml of single-cell suspension at the top. The neutrophils were gathered 
at the interface of the 65% and 75% fractions by centrifugation at 700g 
for 25 min, then the cells washed with ice-cold PBS three times to remove 
residual Percoll solution. The separated neutrophils were cultured at 
37 °C in a humidified atmosphere containing 5% CO2 with RPMI 1640 
medium containing 1% penicillin/streptomycin. The cells were stained 
with FITC anti-mouse Ly-6G/Ly-6C (Gr1) and PE anti-mouse MAIR-IV 
(CLM-5) antibodies (diluted with PBS, 1:200). Cell purity was determined 
by flow cytometry with NovoExpress software and analysed with FlowJo 
software. Typically, BMTNs could be prepared after 6 h of in vitro culture.

Proportion of neutrophils with highly expressed CXCR4
Bone marrow cells from mice were cultured in an incubator. After 0 h, 
6 h and 2 h, the cells were collected and stained with FITC anti-mouse 
Ly-6G and APC anti-mouse CD184 (CXCR4) antibodies (diluted with 
PBS, 1:200) for 20 min. The unconjugated antibodies were washed off 
before the samples were detected by flow cytometry.

Preparation of CTX-NPs and PTH-NPs
CTX (3 mg) and 27 mg of PLGA were dissolved in 0.4 ml of dichlorometh-
ane (DCM, Sinopharm) as the oil phase. The oil phase was quickly 
poured into 3 ml of 2.0% PVA solution and homogenized for 4 min with 
an ultrasound probe ( JY92-IIDN, Xinzhi Biological Company). Finally, 
the emulsion was poured into 25 ml of 0.2% PVA and stirred overnight. 
CTX-NPs were centrifuged at 20,000g for 20 min and washed three 
times with Milli-Q.

The drug encapsulation efficiency was assayed with a dispensing 
method, where 5 mg of lyophilized CTX-NPs were dissolved in 2 ml of 
acetonitrile. The sample was extracted for HPLC analysis.

Cumulative drug release was calculated by the following method. 
Lyophilized CTX-NPs (5 mg) were dissolved in 10 ml of PBS with 0.2% 
Tween 80 and placed in a constant-temperature water-bath shaker 
(SHY-2A, Guoyu Instrument Factory) at 37 °C. At 0 h, 1 h, 3 h, 7 h, 1 day, 
2 days, 3 days, 5 days, 7 days and 10 days, 1 ml of supernatant was collected 
after centrifugation (20,000g for 20 min), then 1 ml of fresh PBS (with 
0.2% Tween 80) was added and resuspended. The accumulated drug con-
tent was determined by HPLC (HPLC 1200 series, Agilent Technologies).

PLGA nanoparticle size was measured by dynamic light scattering 
(Malvern Zeta sizer Nano-ZS instrument), and their morphology was 
observed by TEM ( JEOL JEM-1400).

PTH-NPs were synthesized using the double emulsion method. 
Teriparatide (1 mg) was dissolved in 50 µl of cold water as the inner 
water phase, and 29 mg of PLGA dissolved in 450 µl of DCM was used 
as the oil phase. The inner water (W) phase was rapidly injected into the 
oil (O) phase and ultrasonicated for 2 min to obtain W/O colostrum. 
Next, the W/O colostrum was further poured into 3 ml of 2.0% PVA 
solution and ultrasonicated for another 3 min to obtain W/O/W emul-
sion. Finally, the emulsion was poured into 0.2% PVA and the solidified 
PTH-NPs were collected with the same methods as used for CTX-NPs.

Preparation of CTX-NPs@NEs
CTX-NPs@NEs were obtained by incubating neutrophils with CTX-NPs. 
Briefly, the neutrophils were cultured in a sterile tube with FBS-free 
medium for 1 h, then 1 mg ml−1 CTX-NPs was added, followed by incu-
bation at 37 °C for 1 h. After washing with ice-cold PBS three times, 
the CTX-NPs@NEs suspension was collected and fixed by osmium. 
Morphology was characterized by TEM.

To quantify the amount of CTX in the CTX-NPs@NEs, CTX-NPs@
NEs were disrupted with a cell lysis buffer (Beyotime) to release CTX 
from the neutrophils. The cell lysate was collected and centrifuged at 
15,000g for 5 min. The supernatant (50 µl) was resuspended with 200 µl 
of acetonitrile, then centrifuged at 15,000g for 10 min. The supernatant 
was filtered through a 0.22-µm pore filter and injected into the HPLC 
system (HPLC 1200 series, Agilent Technologies) for quantification.

Evaluation of migration abilities of CTX-NPs@NEs
The migration ability of CTX-NPs@NEs to CXCL12 (SDF-1α) was meas-
ured using a Transwell with 3-µm-pore polyester membrane inserts, 
with 106 ml−1 DiD-labelled neutrophils or CTX-NPs@NEs and dead 
neutrophils (formalin fixation) seeded in the upper chamber, and 
10 ng CXCL12 (20 ng ml−1) added to the lower chamber. After 0.5 h, 
fluorescent images of the lower chamber were taken using an inverted 
fluorescence microscope (AIR, Nikon), then the images were analysed 
with ImageJ software. For the wells with AMD3100, 1 mg ml−1 AMD3100 
was incubated with the neutrophils for 15 min in advance, before fol-
lowing the above procedure.

Anti-tumour effect in vitro
The 4T1 cells were seeded in a 96-well plate at a density of 5 × 103 in each 
well. After one night of incubation, the designated columns were treated 
with free CTX, CTX-NPs and CTX-NPs@NEs. After 48 h, the neutrophils 
and drugs were gently washed away, then 20 µl of MTT (5 mg ml−1) solu-
tion was added to each well of the plate, which was then placed in the 
incubator for another 2 h. The medium containing MTT was replaced 
by 200 µl of DMSO to dissolve the formazan crystals. The absorbance in 
each well was detected at 490 nm by a microplate reader (Bio-Rad). 4T1 
Luc cells were then used in a repeat experiment. After 48 h, the culture 
solution was gently discarded and d-luciferin was added to a final con-
centration of 150 µg ml−1. Bioluminescence signals were detected with a 
multimode microplate reader (Thermo Varioskan Flash).
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Biodistribution
The nanoparticles were first labelled with DiR, then DiR-NPs and DiR-NPs@
NEs were intravenously injected into mice. After 12 h, the mice were eutha-
nized, and major tissues (heart, liver, spleen, lung, kidney and bone) were 
collected for ex vivo imaging (Cambridge Research and Instrumentation). 
For better quantification, 1/8 of liver (weight), 1/3 of spleen and bone mar-
row (femur and tibia) were ground before taking fluorescent images of 
single-cell suspensions (ECLIPSE Ti, Nikon). CTX was then used as a model 
drug to accurately quantitate the drug content in femur and tibia. CTX, 
CTX-NPs and CTX-NPs@NEs (20 µg) were intravenously injected into mice. 
Bones were extracted at 6 h, 24 h and 48 h and the marrow rinsed with PBS, 
then the extracted solution was homogenized by an ultrasound probe for 
cell disruption. The cell lysates were lyophilized and 200 µl of acetonitrile 
was added to completely dissolve the drugs, followed by centrifugation 
at 15,000g for 10 min. The exact drug content of the supernatant, filtered 
with a 0.22-µm filter, was determined by HPLC. The concentration of CTX 
in the spleen was detected in the same way.

PET/CT
A total of 107 cells ml−1 of separated neutrophils were cultured in 
glucose-free culture medium for 2 h. FDG (10 mCi ml−1) was then added 
and cultured for another 1 h. Next, free FDG was washed away three 
times with PBS to give FDG-labelled neutrophils, which were injected 
through the tail vein into mice. Two types of neutrophil were used in 
the experiment, one was separated from bone marrow for 6 h (age, 6 h) 
and another was separated from the bone marrow for 24 h (age, 24 h). 
The distributions of labelled neutrophils and free FDG in vivo were 
examined by micro PET/CT (Siemens) at 2 h and 6 h.

Anti-tumour effect of CTX-NPs@NEs to bone metastasis of 
breast cancer
The proximal tibias of BALB/c mice were injected with 4T1 Luc cells 
(3 × 105 in 10 µl) to establish the bone metastasis model38. Five days later, 
all tumour-bearing mice were randomly divided into five groups (n = 5) 
and intravenously (i.v.) received saline, CTX (1.1 mg kg−1 each time), 
CTX-NPs (equal to 1.1 mg kg−1 each time), neutrophils and CTX-NPs@
NEs (equal to 1.1 mg kg−1 each time). At regular intervals, tumour pro-
gression in the femurs of the mice was observed by an In Vivo Imaging 
System (IVIS) (Caliper, Perkinelmer), and the perimeter of the legs 
(perimeter = 2 × π × width + 4 × (length − width)) and the body weight 
of the mice were recorded every two days. At the end of the experi-
ment, the mice were euthanized, and the major tissues and bones were  
collected for further research.

Micro CT
Femurs and tibias were observed under micro CT (MILabs U-CT). 
Images and the major bone parameters, such as BMD, bone volume 
fraction (BV/TV) and Tb.Sp, were acquired by MILabs-Acquision soft-
ware and analysed using Imalytics Preclinical software.

Extraction and culture of primary mouse osteoblasts
Calvariae were dissected from two-day-old C57BL/6 mice, with disin-
fection by 75% alcohol. The calvariae were cut into pieces and digested 
in 0.25% trypsin (Sigma-Aldrich) for 20 min at 37 °C. The trypsin was 
discarded and 1 mg ml−1 Clostridium histolyticum type II collagenase 
(Sigma-Aldrich) was added, before leaving for another 20 min at 37 °C. 
After centrifugation at 250g for 5 min, the supernatant was discarded. 
DMEM with 15% FBS was added, and the cells were suspended. Primary 
osteoblasts were obtained after several generations.

Real-time quantitative polymerase chain reaction
Total RNA from T cells was extracted with TRIzol RNA isolation rea-
gents (Servicebio), followed by complementary DNA synthesis with 
a High-Capacity cDNA Reverse Transcription Kit (Thermo). Real-time 
quantitative polymerase chain reaction was conducted with a Hifair III 

One Step RT-qPCR SYBR Green Kit. Expression was normalized to the 
expression of the mouse housekeeping gene β-actin.

The used primers were synthesized by Tsingke Biotechnology:
 ALP Forward, AAGCAACACTAATAGCTCTAGGTTC; Reverse, 
GGGCGACGCATACGATGGACAAT
 OCN Forward, CGACTCGCTATCTCCAAGTGA; Reverse, 
GTTGAACCAGTCTCCGACCA
 TRAP Forward, CTGATCGCATCGTATACTCGCAG; Reverse, 
GTCCAATCGCGCATATTATCTGG
 Actin Forward, GTGACGTTGACATCCGTAAAGA; Reverse, 
GTAACAGTCCGCCTAGAAGCAC

Anti-osteoporosis effect of PTH-NPs@NEs
Three-month-old mature female C57BL/6 mice were subjected to bilat-
eral ovariectomy (OVX) and sham operation (Sham). A lumbar lateral 
incision was made around the midpoint between the lower margin 
of free ribs and the iliac crest after anaesthesia, where the ovary was 
located. A suture was placed around the ovarian artery and vein before 
removal of the ovary. The wound was sealed and the skin was sutured. 
Fifty days later, mice were randomly divided into five groups (n = 5): 
Sham (saline, i.v.), OVX (saline, i.v.), PTH (30 µg kg−1 each time, sub-
cutaneously), PTH-NPs (equal to 30 µg kg−1 PTH each time, i.v.) and 
PTH-NPs@NEs (equal to 30 µg kg−1 PTH each time, i.v.). After 70 days 
of experimental treatments, the mice were euthanized. Blood was 
assembled to detect the level of calcium (Calcium Colorimetric Assay 
Kit, Beyotime), OCN (Mouse Osteocalcin Elisa Kit, Jiangsu Meimian) and 
cAMP (Mouse cAMP Elisa Kit, Jiangsu Meimian) with the corresponding 
kit. Femurs and tibias were gathered for micro CT scan analysis.

Statistical analysis
All data are displayed as representative or the results from multiple 
independent experiments. Data comparisons were made by unpaired 
two-tailed t-test and one-way analysis of variance test in GraphPad 
Prism. Error bars are expressed as mean ± s.d., with *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001.

Reporting Summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this Article.

Data availability
Data supporting the findings of this study are available within the 
Article and its Supplementary Information. All relevant data can be 
made available upon reasonable request to the corresponding authors. 
Source data are provided with this paper.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection NovoExpress 1.0 (flow cytometry), MILabs-Acquision-12.26 (micro CT).

Data analysis GraphPad Prism 8 (statistical analysis of the majority of in vitro and in vivo experiments). FlowJo 10.0.7 (flow cytometry). Image J version 1.51 
(quantification of fluorescence intensity). IMALYTICS Preclinical 2.1.8.9 (CT images and bone parameters). 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All data supporting the findings of this study are presented graphically or in tables in the paper and supplementary materials.
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Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender  The study did not involve human research participants.

Population characteristics  The study did not involve human research participants.

Recruitment  The study did not involve human research participants.

Ethics oversight  The study did not involve human research participants.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes are clearly reported in the Figure Legend. The animal studies were performed on different models (n ≥ 5 biological replicates for 
each group). The sample size for the treatment experiments was determined mainly by referring to 10.1126/scirobotics.aaz9519;10.1002/
adma.201805936 ; 10.1038/s41565-022-01296-w 
No statistical methods were used to pre-determine sample sizes.

Data exclusions No data were excluded from this research.

Replication Data presented were repeated for at least three times (biological replicates) and the successful attempts at replication were confirmed.

Randomization Animal groups were randomized by body weight. In the other experiments, samples were randomly assigned to experimental groups.

Blinding Experimental groups animals were randomly allocated to each of the experimental groups, but mice in the sham-operated group were 
additionally labeled and individually placed in a group.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used FITC anti-mouse Ly-6G/Ly-6C (Gr1) (Clone RB6-8C5, Biolegend, cat 108406), PE anti-mouse MAIR-IV (CLM-5) (Clone TX69, Biolegend, 

cat 139605), APC anti-mouse CD184 (CXCR4) (Clone L276F12, Biolegend, cat 146508), FITC anti-mouse Ly-6G (Clone 1A8, Biolegend, 
cat 127606)
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Validation All antibodies were verified by the supplier and each lot has been quality tested. All validation statements are available on the 

antibody websites, respectively. 
FITC anti-mouse Ly-6G/Ly-6C (Gr1): https://www.biolegend.com/en-us/products/fitc-anti-mouse-ly-6g-ly-6c-gr-1-antibody-458 
PE anti-mouse MAIR-IV (CLM-5): https://www.biolegend.com/en-us/products/pe-anti-mouse-mair-iv-clm-5-antibody-6714 
APC anti-mouse CD184 (CXCR4): https://www.biolegend.com/en-us/products/apc-anti-mouse-cd184-cxcr4-antibody-9058 
ITC anti-mouse Ly-6G: https://www.biolegend.com/en-us/products/fitc-anti-mouse-ly-6g-antibody-4775 

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The murine 4T1 and 4T1 Luc (Luciferase transfected) breast cancer cell lines were originally obtained from the Institute of 
Biochemistry and Cell Biology (Shanghai, China).

Authentication Cell lines are tested and authenticated by the Institute of Biochemistry and Cell Biology in a systematic process including 
morphology assessment, karyotyping, and PCR-based approaches. Following receipt from the Institute of Biochemistry and 
Cell Biology, the identity of the cell lines were confirmed through assessment of cellular morphology under microscope.

Mycoplasma contamination Mycobacterium negative; bacterium and yeast negative; HIV-1, hepatitis B and hepatitis C negative.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals 6–8 weeks old BALB/c mice (female) and 3 months old C57BL/6 mice (female) were purchased from the Company Limited of Science 
Light Biology Science & Technology (Shanghai, China). All mice were housed in ventilated cage under conditions of humidity at 
around 50 %, the temperature at about 25 °C, and a 12 h light-dark cycle.

Wild animals The study did not involve wild animals.

Reporting on sex Only female animals were used in this study.

Field-collected samples The study did not involve field-collected samples.

Ethics oversight All in vivo experiments were performed in compliance with the requirements of the Zhejiang University Animal Study Committee for 
the care and use of laboratory animals in research. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Mouse neutrophils were isolated from mouse bone marrow by Percoll density gradient centrifugation. 

Instrument ACEA NovoCyte

Software NovoExpress1.0

Cell population abundance  In experiments testing CXCR4+ neutrophils, 20,000 cells in the singlet-gated population were counted for analysis

Gating strategy Gating was first based on FSC/SSC and singlet cells were gated for further analysis. The cell populations were then analyzed 
based on expression of markers. Gating was then based on positive level.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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