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A B S T R A C T   

It remains challenging to treat tumor metastasis currently in the light of multiple cascade processes of tumor 
metastasis. Additionally, multiple clinical drugs for metastasis have quite limited therapeutic potential and even 
facilitate metastasis in preclinical models. Thus, potential metastasis targets and novel metastasis-directed drugs 
are urgently needed to be further developed. Herein, transforming growth factor-β (TGF-β) is verified to 
contribute to lung metastasis in a context-dependent manner in the 4T1 orthotopic tumor-bearing mice model, 
which induces epithelial-mesenchymal-transition (EMT) to promote tumor dissemination from the primary site 
and dampens the anti-tumor response of neutrophils to support tumor colonization at the metastatic niche. In 
view of neutrophils' superior tropism towards both inflammatory primary tumor and metastatic niche, 
SB525334, a TGF-β receptor inhibitor, is loaded into cationic liposome (SBLP) which is subsequently incorpo-
rated into neutrophils to yield the cyto-pharmaceuticals (SBLP/NE). The systemically infused SBLP/NE can 
simultaneously migrate into both primary and metastatic sites, then release SB525334 in response to tumor 
stimuli, and contextually inhibit TGF-β-mediated-EMT and phenotype reversal of infiltrated neutrophils, showing 
substantial metastasis suppression efficacy without causing any detectable toxicities. This project shifts the 
paradigm for metastasis suppression therapy by simultaneous blockage of contextual TGF-β using metastatic- 
cascades-targeting neutrophil cyto-pharmaceuticals.   

1. Introduction 

Metastasis is responsible for approximately 90% of tumor-related 
mortality [1,2], the process of which includes dissemination of tumor 
cells from the primary site and colonization at the distant organs [3]. 
Due to an inadequate understanding of the complex biological mecha-
nism, metastatic disease has not been cured efficiently yet. 

Currently, there are two kinds of drugs applied in treating metastasis. 
One is the traditional drug that has been approved by the US Food and 
Drug Administration (FDA) like paclitaxel, mutant BRAF inhibitors, and 
cisplatin. These drugs can target tumor growth but are not effective in 
preventing metastasis, some of which even stimulate metastasis in pre-
clinical models [4]. The other one is a metastasis-directed drug that 
targets steps in metastatic cascades, such as anti-RANK antibody 
Denosumab, anti-VEGF antibody Bevacizumab, and integrin peptide 
inhibitor Cilengitide [4]. However, it is worth noting that most of the 

current metastasis-directed drugs interrupt either the dissemination or 
the colonization step, of which metastasis suppression efficiency might 
be unsatisfactory since multiple stages in the metastatic cascade might 
have taken place simultaneously in a patient [1,5,6]. With this in mind, 
we believe simultaneous interruption of the dissemination and coloni-
zation are more likely to realize an augmented metastasis suppression 
efficacy. 

Transforming growth factor-β (TGF-β), a secreted cytokine, is highly 
expressed in the tumor microenvironment [7,8]. Theoretically, TGF-β 
involves in several tumor metastasis cascades, such as promoting 
epithelial-mesenchymal-transition (EMT), regulating the immune sys-
tem, remodeling the matrix, and stimulating angiogenesis [7–10]. 
However, the metastasis-promoting puzzle of TGF-β at metastatic niche 
remains largely unexplored with only several studies focusing on bone 
metastasis [11]. Besides, current TGF-β targeting therapies have 
demonstrated certain metastasis suppression efficacy [12–14], but 
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further clinical translation and approval of TGF-β inhibitors are chal-
lenging due to the unsolved dosage-dependent toxicities towards intes-
tine and heart [14–17]. There is thus a crucial need to develop novel 
therapeutic strategies to simultaneously deliver TGF-β inhibitors to both 
primary and metastatic sites, thereby specifically achieving the 
metastatic-cascades-targeting efficacy of TGF-β. 

Recently, the utilization of living cells for drug delivery has drawn 
much attention. Such strategies using living cells is promising as it not 
only shrinks the potential immunogenicity of exogenous nano- 
formulations, but also retains the inherent physiological functions 
[18,19]. Neutrophils, as one of the most critical and abundant immune 
cells in the innate immune system, have various natural advantages in 
drug delivery. Neutrophils are well-known for their phagocytic function, 
which is ably made use of to effectively load drugs. In addition, recent 
studies have reported that various factors like chemokines and myeloid- 
related proteins from the tumor sites can recruit neutrophils [20,21] and 
neutrophils are found to infiltrate into primary tumor and metastatic 
niche in mouse models and clinical patients [22]. Therefore, we believe 
that neutrophils can be utilized as an ideal vehicle for delivering TGF-β 
inhibitors, based on their chemotaxis towards both primary tumors and 
metastatic niche. 

Herein, we first verified the role of contextual TGF-β in the dissem-
ination and colonization steps of tumor metastasis. To achieve a syner-
gistic therapeutic benefit, we incorporated TGF-β receptor inhibitor 
(SB525334) loaded liposomes into neutrophils to yield neutrophil cyto- 
pharmaceuticals based on our previous studies [23–25]. Owing to the 
superior tropism towards the inflammatory primary tumor [26] and 
metastatic niche, neutrophil cyto-pharmaceuticals could migrate into 
both primary tumor and metastatic niche simultaneously (Fig. 1). The 
accumulated neutrophil cyto-pharmaceuticals unloaded SB525334 
characteristically in response to tumor stimuli. At the primary site, the 
released SB525334 suppressed the EMT process and impeded the 
dissemination of tumor cells. At the metastatic niche, the released 
SB525334 unleashed the anti-tumor responses of infiltrated neutrophils 
and inhibited the colonization. Through simultaneous interruption of 
both dissemination and colonization steps in metastasis cascades, 
neutrophil cyto-pharmaceuticals of SB525334 showed a substantial 
metastasis suppression efficacy without causing any detectable toxicities 
and provided a new metastasis-inhibiting strategy based on simulta-
neous inhibition of multiple metastatic cascades. 

Fig. 1. Schematic illustration of simultaneous blockage of TGF-β by neutrophil cyto-pharmaceuticals to suppress breast tumor lung metastasis. (A) Fabrication of 
neutrophil cyto-pharmaceuticals of SB525334 (SBLP/NE) by incubation of liposomal SB525334 (SBLP) with allogeneic neutrophils. (B) The accumulation of SBLP/ 
NE into primary tumor and metastatic niche. (C) Simultaneous blockage of TGF-β induced EMT at the primary site and neutrophils' phenotype reversal at metastatic 
niche by released SB525334. 
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2. Experimental section 

2.1. Cell culture 

The mouse breast 4T1 tumor cell line were purchased from the Na-
tional Collection of Authenticated Cell Cultures. The 4T1 cells were 
cultured in RPMI 1640 medium containing 10% fetal bovine serum 
(FBS), 100 U mL− 1 penicillin, and 0.1 mg mL− 1 streptomycin. The cells 
were kept at 37 ◦C in a humidified atmosphere containing 5% CO2. 

2.2. Establishment of 4 T1 spontaneous lung metastasis animal model 

All animals were treated following the Guide for Care and Use of 
Laboratory Animals, approved by the Animal Experimentation Ethics 
Committee of China Pharmaceutical University (Nanjing, China, Permit 
number 2021–05–002). For orthotopic metastasis, 1 × 106 4T1 cells or 
4T1-Luc cells suspended in 100 μL PBS were injected into the right 
mammary fat pad of female BALB/c mice (6–8 weeks, purchased from 
the Comparative Medicine Center of Yangzhou University), and the lung 
metastasis was monitored by the IVIS Spectrum In Vivo Imaging System 
(Perkin Elmer, USA). 

2.3. Monitoring TGF-β level in metastatic niche 

Mice bearing orthotopic 4T1 tumors were sacrificed on day14, 21, 
and 28. The harvested lungs were homogenized, purified, and acidified 
for enzyme-linked immunosorbent assays (ELISA) according to the 
manufacturer's protocol (E-EL-M0051c, Elabscience) to detect the TGF- 
β1 levels in the lung. 

2.4. Evaluation of TGF-β induced EMT at primary site 

Briefly, the tumor harvested from mice bearing orthotopic 4T1 tumor 
on day 28 was embedded with paraffin and cut into slices of 20 mm, 
which was then subjected to immunohistochemical analysis to verify the 
expressions of Vimentin (EPR3776, Abcam, 1:200 dilution) and E-cad-
herin (#3195, Cell Signaling Technology, 1:200 dilution) following the 
manufacturer's instructions. The relative expression was quantified by 
the integrated optical density (IOD) using ImageJ pro plus. The relative 
protein expression = The IOD of SB525334 group / The IOD of the saline 
group. 

For in vitro cell experiments, 4T1 cells were treated with TGF-β (10 
ng mL− 1, AF-100-21C, Pepro Tech) or SB525334 (5 μM, HY-12043, 
MedChemExpress) unless otherwise stated. For the scratch assay, 4T1 
cells were cultured to a density of ~80% in a 24-well plate. A wound was 
then caused using a 10 μL plastic pipette tip. The wound area at different 
post-scratch time was monitored and pictured by the microscope (Ts2R, 
Nikon). Three random fields of wound per well were measured. Wound 
closure % = (1 – [The average closure distance at different post-scratch 
time / The average closure distance at post-scratch 0 h]) %. 

The expression of EMT-associated proteins, such as Vimentin and E- 
cadherin, in 4T1 cells treated with TGF-β were quantified. 1 × 106 4 T1 
cells were cultured in a 6-well plate for 4 h and then treated with TGF-β 
or TGF-β plus SB525334 for 36 h, followed by treatment with RIPA Lysis 
Buffer (P0013B, Beyotime) containing 1% proteinase inhibitor cocktail. 
All collected samples were normalized using an Enhanced BCA Protein 
Assay Kit (P0010S, Beyotime) and subsequently subjected to 10% SDS- 
polyacrylamide gel electrophoresis. Then the separated samples were 
electrophoretically transferred to polyvinylidene fluoride (PVDF) 
membranes (0.2 μm, Millipore). The obtained membrane was blocked 
with 5% non-fat dry milk in tris buffered saline (TBS) at 37 ◦C for 1 h and 
incubated with anti-Vimentin (EPR3776, Abcam, 1:1000 dilution), E- 
cadherin (#3195, Cell Signaling technology, 1:1000 dilution) or β-actin 
(abs132001, absin, 1:1000 dilution) at 4 ◦C overnight. Afterwards, the 
samples were stained by a Goat anti-Rabbit IgG-HRP conjugate 
(BS13278, Bioworld Technology, 1:10000 dilution) at 37 ◦C for 1 h, 

which was incubated with High-sig ECL Western Blotting Substrate 
(180–5001, Tanon) and immediately pictured by the Automatic Chem-
iluminescence Imaging System (5200 Multi, Tanon). The expression of 
Smad2/3 and pSmad2/3 in 4T1 cells and neutrophils was detected by 
the same method as above, except the primary antibodies, that is Anti- 
phospho-Smad2/3 antibody (ab254407, Abcam, 1:1000 dilution) and 
Anti-Smad2/3 antibody (ab202445, Abcam, 1:1000 dilution). 

For the qPCR analysis, 5 × 105 4T1 cells were cultured in a 12-well 
plate for 4 h and then treated with TGF-β or TGF-β plus SB525334 for 36 
h, followed by RNA extraction using RNA isolater Total RNA Extraction 
Reagent (R401–01, Vazyme) according to the manufacturer's in-
structions. The obtained RNA extracts were used to produce cDNA by 
HiScript II Q RT SuperMix for qPCR analysis (R223–01, Vazyme). qPCR 
was performed on a StepOnePlus™ Real-Time PCR System (Applied 
Biosystems) using qPCR SYBR Green Master Mix (11203ES08, Yeasen). 
The comparative threshold cycle method was used to calculate gene 
expression and β-actin was used as a gene reference. Primers used were 
listed from 5′ to 3′ as followings: Twist1/2 forward: GGA-
CAAGCTGAGCAAGATTCA, and reverse: CGGAGAAGGCGTAGCTGAG; 
Snai1 forward: CCTCAGCAGGGTGGTTACTG, and reverse: 
CCACTTGGCCCCTAACAAGT; Actb forward: GAGAAGATCTGGCACCA-
CACC, and reverse: GCATACAGGGACAGCACAGC. 

2.5. Detection of the anti-tumor responses of infiltrated neutrophils in 
metastatic niche 

The lungs harvested from 4T1-bearing mice on day 14, 21 and 28 
were manually smashed, digested with 2 mg mL− 1 collagenase type I 
(C0130, Sigma) and 1 mg mL− 1 DNase I (10104159001, Roche) at 37 ◦C 
for 30 min, and filtered through a 70 μm nylon cell strainer (352350, 
Falcon). The obtained single-cell suspension was subjected to centrifu-
gation over a 3-layer discontinuous Percoll (17–0891-09, GE Health-
care) gradient to yield neutrophils. Percoll gradients were prepared by 
layering 2 mL each of the 62%, and 55% Percoll solutions successively 
on top of 2 mL of 75% Percoll solution in a conical 15-mL polypropylene 
tube. The obtained cell suspension was carefully layered on the top of 
55% Percoll layer followed by centrifugation (3000 rpm, 30 min), and 
the cell band located between 75% and 62% Percoll layer was collected 
and washed triple by phosphate buffer saline (PBS). The isolated neu-
trophils were stained by fluorescein isothiocyanate (FITC)-conjugated 
Ly6G antibody (127606, 250 ng mL− 1, BioLegend) and Alexa Fluor 647- 
conjugated CD11b+ antibody (301319, 20 ng mL− 1, BioLegend), and 
analyzed by flow cytometry (Invitrogen, Thermo Fisher Scientific) to 
determine the purity, activation status as well as the number. The SB- 
treated neutrophils were isolated from lungs harvested from 4T1- 
bearing mice on day 28 which receive i.v. injection of SB525334 at 
dosage of 1 mg kg− 1 every other day from day 7. 

The lung harvested on day 21 was embedded by Optimal Cutting 
Temperature (O.C.T, 4583, Tissue-Tek, SAKURA) and cryosectioned into 
pieces of 10 mm, which were incubated with FITC-conjugated Ly6G 
antibody and mounting medium containing DAPI (ZLI-9557, Origene) 
and subsequently observed by confocal laser scanning microscopy 
(CLSM, LSM 880, ZEISS). The obtained neutrophils were also stained by 
Wright-Giemsa (G1007, Servicebio), and observed by an optical mi-
croscope (Ts2R, Nikon). The qPCR was performed to verify the pheno-
type of infiltrated neutrophils in lung, following the identical procedures 
described in section ‘TGF-β signaling induced EMT at primary site’. RT- 
qPCR primers used were listed from 5′ to 3′ as follows: Mmp9 forward: 
GTGGTTCAGTTGTGGTGGTG, and reverse: CCCGCTGTA-
TAGCTACCTCG; Vegfa forward: AACGATGAAGCCCTGGAGTG, and 
reverse: TGAGAGGTCTGGTTCCCGA; Tnf forward: GAAAGCATGATCC-
GAGATGTGGAA, and reverse: CAGTAGACAGAAGAGCGTGGTGGC; 
Prok2 forward: TGCTACTTCTGCTGCTACC, and reverse: 
CCGCACTGAGAGTCCTTGTC. 

For In Vitro Killing Assay, Luciferase labelled 4T1 cells (1 × 105 

well− 1) were seeded in a 24-well plate. The obtained infiltrated 
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neutrophils on day 14, 21, and 28 were added to each well at a cell 
number of 1 × 106. The mixture was subsequently cultured for 24 h in 
incubator. Then, luciferase activity was measured using the Firefly 
Luciferase Reporter Gene Assay Kit (RG005, Beyotime) to determine the 
cellular viability of 4T1 tumor cells. Cell killing % = (1- [luminescence 
of samples with neutrophils] / [luminescence of samples without neu-
trophils]) × 100%. 

2.6. Evaluation of the metastasis-inhibiting efficacy of SB525334 in vivo 

Mice bearing 4T1 spontaneous lung metastasis were randomly 
divided into four groups receiving i.v. injection of saline and SB525334 
at the dosage of 1 mg kg− 1, 5 mg kg− 1, and 10 mg kg− 1 every other day. 
On day 28, the mice were sacrificed, and the harvested lungs were 
subjected to the H&E staining analysis to determine the metastasis- 
inhibiting efficacy. The metastasis index was calculated by ImageJ. 
The relative metastatic niche areas = The area of the metastatic niche / 
The area of the total lung. All the groups were normalized to the group 
receiving saline. The heart valves and small intestine were also collected 
and stained by H&E to study the toxicities of SB525334. 

2.7. Isolation of bone marrow neutrophils 

6-to-10-week-old female ICR mice were sacrificed. The femurs and 
tibias were harvested and immersed in 5 mL of ethanol for 10 min to 
sterilize. And then the sterilized femurs and tibias were washed by PBS 
thrice and dissected by scissors and tweezers to get rid of the muscle and 
fat tissues. Following that, ends of each femur and tibia were clipped 
carefully to expose the bone marrow, which was subsequently flushed 
out using RPMI 1640 via a syringe with 27-G needle. The obtained bone 
marrow eluates were filtrated through a 70-μm nylon cell strainer 
(352350, Falcon) to remove cell clumps and bone residuals followed by 
centrifugation (1000 rpm, 5 min). The supernatant was removed care-
fully, and the pellet was re-dispersed into 3 mL of red blood cell lysis 
buffer. Then the resulted mixture was centrifuged (1000 rpm, 5 min). 
The obtained cell pellet was re-dispersed into 2 mL of RPMI 1640 me-
dium. Percoll gradients were prepared by layering 2 mL each of the 62%, 
and 55% Percoll solutions successively on top of 2 mL of 75% Percoll 
solution in a conical 15-mL polypropylene tube. The bone marrow cell 
suspension was carefully layered on the top of 55% Percoll layer fol-
lowed by centrifugation (1000 g, 30 min), and the cell band located 
between 75% and 62% Percoll layer was collected and washed triple by 
PBS. 

2.8. Preparation and characterization of SBLP 

To prepare SBLP, 120 mg of Soya bean lecithin (SPC), 10 mg of 
LG2C14 [27,28], 15 mg of Cholesterol and 5 mg of SB525334 were co- 
dissolved into 5 mL of mixed solvent (CHCl3:MeOH = 3:2, v:v). The 
obtained mixture was subjected to rotation vacuum evaporation at 40 ◦C 
to yield a thin lipid film, which was placed under vacuum overnight to 
remove trace organic solvent. The lipid film was then hydrated with 5 
mL of deionized water, sonicated by the ultrasonic sonicator (30%, 15 
min), and extruded through the filter membranes with a pore size of 
0.22 μm. The particle size and zeta potential of SBLP with a corre-
sponding polydispersity index (PDI) were determined by dynamic laser 
scattering (DLS) using a ZetaPALS (Brookhaven, USA). The SBLP solu-
tion was dropped onto the carbon-membrane-coated copper mesh and 
dried. Then the copper mesh was observed by the transmission electron 
microscope (Hitachi, Japan) at an accelerating voltage of 80 kV. The 
release of SB525334 from liposomes was investigated using a dialysis 
tube. 1 mL of the liposomes was added into a dialysis tube (10 K MWCO) 
against 50 mL of RPMI 1640 and 4T1 TCM containing Tween 80 (1%, w: 
v), and gently shaken at 50 rpm and 37 ◦C. At predetermined time in-
tervals, 1 mL of sample was withdrawn and filtered through a 0.22 pore- 
sized polycarbonate membrane filter, followed by replacing with 1 mL of 

fresh buffer solution with the same pH value. The amount of SB525334 
released was determined by HPLC. 

2.9. Fabrication and characterization of SBLP/NE 

Briefly, the obtained bone marrow neutrophils (1 × 106 cell mL− 1) 
were co-incubated with SBLP (SB525334 concentration: 100 μg mL− 1) 
in RPMI 1640 medium at 37 ◦C for 40 min. The mixture was then 
centrifuged (1000 rpm, 5 min) and washed thrice with PBS to get the 
final product, SBLP/NE. To quantify the amount of SB525334 in SBLP/ 
NE, SBLP/NE was lysed by RIPA Lysis Buffer (P0013B, Beyotime). An 
aliquot of cell lysate (100 μL) was collected and mixed with 900 μL of 
acetonitrile, which was vortexed for 5 min and centrifuged at 10,000 g 
for 10 min. ~20 μl of supernatant was injected into the High Perfor-
mance Liquid Chromatography (HPLC, C18 column, acetonitrile:0.1% 
phosphoric acid at a volume ratio of 70:30, 1 mL min− 1) system for 
quantification with a detection wavelength of 330 nm. The preparation 
of Cou6-LP/NE followed almost the identical procedures, except Cou6- 
LP was used instead. 

The cellular viability of prepared neutrophil cyto-pharmaceuticals 
was measured by Calcein AM Cell Viability Assay Kit (C2013M, CCK- 
F, Beyotime) according to the manufacturer's instructions. The pre-
pared neutrophil cyto-pharmaceuticals were stained by Alexa Fluor 647- 
conjugated CD11b+ antibody (301319, 20 ng mL− 1, BioLegend) and 
FITC-conjugated CD62L antibody (304838, 250 ng mL− 1, BioLegend) 
for FACS analysis. 

To measure the migration capacity of neutrophils or neutrophil cyto- 
pharmaceuticals towards tumor, a Transwell chamber with 3-μm pore 
size (MCSP24H48, Millipore) was used. The chambers were placed on a 
24-well plate with each well containing 0.8 mL of completed RPMI 1640 
medium or 4T1 tumor conditioned medium (TCM). Then 106 neutro-
phils or prepared neutrophil cyto-pharmaceuticals were placed into the 
upper chamber, which was then incubated at 37 ◦C for 8 h. At the end of 
incubation, the lower chamber was imaged by an optical microscope 
(Ts2R, Nikon) and the number of migrated cells was analyzed by 
ImageJ. Relative migrated cells = The average number of cells in the 
lower chamber / the total number of feeding cells, all the groups were 
normalized to the migration of NE towards RPMI 1640 medium. 

To determine the tumor-triggered release of SB525334 from SBLP/ 
NE, neutrophil cyto-pharmaceuticals (1 × 106 cells) in RPMI 1640 me-
dium or 4T1 TCM were added into a 24-well plate and then incubated at 
37 ◦C. At different incubation time (0, 1, 3, 5, and 7 h), the supernatant 
was collected and analyzed by HPLC to determine the content of 
released SB525334. To further visualize the release of drugs from 
neutrophil cyto-pharmaceuticals, Cou6-LP/NE or SBLP/NE (1 × 106 

cells) in 4T1 TCM or 1640 medium was incubated at 37 ◦C for 4 h, and 
then stained with Hoechst 33324 (C1022, Beyotime) for 15 min, fol-
lowed by observation with CLSM (LSM 880, ZEISS). To detect the 
NETosis, Anti-citrullinated Histone H3 antibody (ab5103, Abcam, 1:200 
dilution) and Alexa Flour 633 labelled goat anti-rabbit secondary anti-
body (A21071, Invitrogen, 1:1000 dilution) was applied to label cit-
rullinated Histone H3. 

2.10. Biodistribution of neutrophil cyto-pharmaceuticals 

Cell Trace™ Far Red tagged neutrophil cyto-pharmaceuticals (Cell 
Trace+ SBLP/NE) were prepared following the manufacturer's in-
structions (C34564, Invitrogen, ThermoFisher) and then intravenously 
injected into mice bearing 4T1 spontaneous lung metastasis on day 21. 
After 4, 12, and 24 h post-injection, tumors and lungs were collected and 
digested into single-cell suspensions, which were then subjected to FACS 
analysis. Neutrophil targeting efficiency (%) = The numbers of neutro-
phil cyto-pharmaceuticals in the lung or tumor (namely Cell Trace+

cells) / The number of total intravenously injected neutrophil cyto- 
pharmaceuticals (6 × 106 cells). Besides, Cou6, Cou6-LP and Cou6-LP/ 
NE at the same dosage of Cou6 were intravenously injected into mice 
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bearing 4T1 spontaneous lung metastasis on day 21. At post-injection 4, 
12 and 24 h, tumors and lungs were collected and observed by IVIS 
Spectrum In Vivo Imaging System (Perkin Elmer, USA). 

2.11. Tumor-triggered drug release in vivo 

To observe the in vivo release behavior of neutrophil cyto- 
pharmaceuticals, Cou6-LP and Cou6-LP/NE at the same dosage of 
Cou6 were intravenously injected into mice. At post-injection 24 h, the 
harvested tumors and lungs were analyzed by frozen-section examina-
tion and obversed by CLSM (LSM 880, ZEISS). 

2.12. Evaluation of the metastasis suppression efficacy of SBLP/NE in 
vivo 

Mice bearing 4T1 spontaneous lung metastasis were randomly 
divided into four groups receiving i.v. injection of saline, SB525334 (1 
mg kg− 1), NE (3 × 108 cells kg− 1), SBLP (1 mg kg− 1) and SBLP/NE (3 ×
108 cells kg− 1, equivalent to 1 mg kg− 1 SB525334) every other day. 
According to the average loading efficiency of SBLP/NE was calculated 
at 3.34 μg SB525334 per million cells, 1 mg kg− 1 SB525334 approxi-
mately equals (106 cells × 1000 μg kg) / 3.34 μg = 3 × 108 cell kg− 1. 
Tumor size was measured twice a week using calipers and the tumor 
volume was calculated as Volume = 1/2 × Length × (Width)2. The body 
weights and survival periods of the mice were monitored during treat-
ments. On day 28, the mice were sacrificed, and the harvested lungs 
were subjected to the H&E analysis as well as IVIS Spectrum In Vivo 
Imaging System (Perkin Elmer, USA) to determine the metastasis- 
inhibiting efficacy. The metastasis index was calculated by ImageJ. 
The relative metastatic niche areas = The areas of the metastatic niche / 
The area of the total lung. All the groups were normalized to group 
receiving saline. 

To determine the EMT-inhibiting capacity of the formulations, the 
tumor harvested on day 28 was subjected to the immunohistochemistry 
analyses, conducted under the identical protocols described in section 
‘Evaluation of TGF-β induced EMT at primary site’. The anti-tumor re-
sponses of infiltrated neutrophils in lung collected from mice treated 
with different formulations on day 28 were evaluated following the 
identical procedures described in section ‘Detection of the anti-tumor 
responses of infiltrated neutrophils in metastatic niche’. 

2.13. Biosafety studies of SBLP/NE in vivo 

Blood samples were collected from mice receiving different treat-
ments on day 28, which were immediately placed under 25 ◦C for 2 h 
and then centrifuged at 10,000 rpm for 10 min. The serum was carefully 
collected and stored at − 80 ◦C until further analysis. The levels of the 
inflammatory cytokines, TNF-α (E-EL-M0049c, Elabscience), IL-6 (E-EL- 
M0044c, Elabscience), and IL-1β (E-EL-M0037c, Elabscience), were 
determined by enzyme-linked immunosorbent assays (ELISA). Corre-
sponding serum samples were diluted where necessary, ran in duplicate, 
and the ELISA was performed according to the assay protocol. The op-
tical density of each well was determined using a microplate reader at 
450 nm. The results were presented as picograms per milliliter. The 
heart valves and small intestine were collected from mice receiving 
different treatments on day 28 and stained by H&E to study the toxicities 
of different formulations. 

2.14. Statistical analysis 

The Student's t-test was applied for comparisons between two 
groups, one-way ANOVA test with Tukey's correction was used for 
comparisons of multiple groups, and a log-rank (Mantel-Cox) test was 
used to analyze the statistical significance in the survival analysis. Dif-
ferences were considered significant when p < 0.05. 

3. Results 

3.1. TGF-β promoted dissemination of 4T1 breast tumor cells from 
primary site by inducing EMT 

It has been well documented that TGF-β is overexpressed at primary 
breast tumor site [29,30]. The over-activation of TGF-β signaling in 
primary tumor site promotes metastasis through various pathways. In 
particular, TGF-β signaling is transduced through the activation of TGF-β 
receptor (TGF-βR) and its downstream signals subsequently activate 
EMT transcription factor, Snai1 and Twist1/2, facilitating cancer cell 
dissemination [31,32]. SB525334 is a potent and selective inhibitor of 
TGF-β1 receptor, activin receptor-like kinase (ALK5) [33], which can 
inhibit the phosphorylation status of downstream Smad2/Smad3 pro-
tein (Fig. S1). As evidenced in the wound healing assay, the migration 
capacity of 4T1 tumor cells is increased when treated with TGF-β, and 
the usage of SB525334 restored it to the normal level (Fig. S2A and B). 
To further verify the role of TGF-β in regulating EMT, we performed RNA 
analysis for 4T1 cells receiving different treatments. We found that the 
expression of EMT-relevant transcription factors related to EMT, such as 
Snai1, and Twist1/2, were both increased significantly, and SB525334 
restored the expression to the normal level (Fig. S2C). Moreover, the 
expression of epithelial markers (E-cadherin) and mesenchymal markers 
(Vimentin) in tumor cells were down- and up-regulated respectively 
when treated with TGF-β (Fig. S2D) while pharmacological treatment 
with SB525334 normalized the expression of E-cadherin and Vimentin. 
To further verify the EMT process induced by TGF-β in vivo, mice bearing 
4T1 tumor were treated with SB525334. We found a significantly higher 
expression of E-cadherin and lower expression of Vimentin in 4T1 tumor 
treated with SB525334 (Fig. S2E and F). 

3.2. TGF-β supported colonization of 4T1 breast tumor cells by 
dampening the anti-tumor immune response of neutrophils at metastatic 
niche 

Based on the metastasis-supporting role of TGF-β at the primary site, 
we next explored the role of TGF-β at the metastatic niche, which 
currently remains largely unexplored. To closely mimic the in vivo 
metastatic cascades, 1 × 106 4T1-Luc cells were injected into mammary 
fat pad, and corresponding analysis were performed at predetermined 
time intervals (Fig. 2A). As suggested in Fig. 2B, 4T1 cells began to 
metastasize from primary tumor to lung after 14 days in a time- 
dependent manner. We measured the content of TGF-β in lung by 
enzyme-linked immunosorbent assay (ELISA) and found that the con-
centration of TGF-β in lung improved by around two times after 28 days 
when compared to day 0 (Fig. 2C). Besides, the level of TGF-β increased 
with the colonization and outgrowth of metastatic tumor cells in the 
lung. Since TGF-β is a main immune-regulatory factor and can regulate 
the function of immune cells [9,34], we then explored whether the 
elevated TGF-β at metastatic niche orchestrated the immuno- 
suppressive microenvironment. To begin with, we characterized the 
phenotype of infiltrated neutrophils during metastasis progression, 
which is a principal immune cell at the metastatic niche [35–38]. 
Intriguingly, we found that more and more neutrophils (CD11b+Ly6G+, 
Fig. S3) migrated into lung with the progression of lung metastasis 
(Fig. 2D). Moreover, the infiltrated neutrophils were in proximity to 
colonized 4T1 cells (Fig. 2E). Next, the metastatic lungs from SB525334 
treated mice were harvested and subjected to density gradient centri-
fugation to yield the infiltrated neutrophils for further analyses. As 
demonstrated in Fig. 2F, the expression of CD11b on infiltrated neu-
trophils, an activation marker of neutrophils [39,40], was gradually 
decreased with the progression of lung metastasis. The lower activated 
status suggested a pro-tumor phenotype of infiltrated neutrophils. Along 
with this line, we did the Quantitative Real-time Reverse Transcription- 
Polymerase Chain Reaction (qPCR) to measure the gene expression of 
infiltrated neutrophils associated with tumor progression (Fig. 2G). We 
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found that the anti-tumor neutrophil marker [34,41], the Tnf gene, was 
gradually downregulated with the progression of metastasis. In con-
trary, the expressions of pro-tumor neutrophil markers [34,41], the 
Vegfa, Mmp9 and Prok2 genes, were enhanced. 

We then checked whether the dampened anti-tumor immuno-re-
sponses of infiltrated neutrophils were caused by TGF-β. To this end, we 
pharmacologically blocked the TGF-β pathway in vivo by systemic in-
jection of SB525334. As evidenced in Fig. 2H, the infiltrated neutrophils 
displayed a premature morphology with banded and ring-shaped nuclei 
(PBS-treated), while most of the neutrophils in the SB525334-treated 
lungs were more lobulated and hypersegmented (SB-treated), which 
indicated that neutrophils from SB-treated group tended to be more 
mature and more cytotoxic to tumor cells [34]. Moreover, the produc-
tion of the main effector agent, namely hydrogen peroxide (H2O2), by 
infiltrated neutrophils significantly decreased and the overall anti-tumor 
efficacy consequently diminished (Fig. 2I and J). On the contrast, the 
administration of SB525334 significantly unleashed the anti-tumor re-
sponses of infiltrated neutrophils. Additionally, we found SB525334 
displayed minimum effect on the mobilization of neutrophils into the 
metastatic niche, as suggested by the unchanged number of infiltrated 
neutrophils, ~10 million, in comparison with that in untreated mice 
(Fig. S4). Thereby, it is suggested that the dampened anti-tumor 
response was in correlation with the elevated TGF-β level at the meta-
static niche, and using the TGF-β inhibitor, SB525334 could unleash the 

anti-tumor function of infiltrated neutrophils. 

3.3. Pharmacologic blockade of TGF-β by SB525334 reduced metastasis 
in vivo in a dosage-dependent manner 

TGF-β has been demonstrated to involve in the initial and last steps of 
metastasis, i.e. dissemination and colonization. We next sought to verify 
whether blockage of TGF-β could inhibit breast tumor lung metastasis. 
To this end, mice bearing spontaneous 4T1 lung metastasis were 
randomly divided into four groups, treated with saline or SB525334 
with a dosage from 1 to 10 mg kg− 1. We found that the metastasis- 
inhibiting efficacy of SB525334 was in a dose-dependent manner. 
Mice treated with saline suffered the severest lung metastasis, and the 
administration of SB525334 (1 mg kg− 1) moderately suppressed the 
metastasis (Fig. 3A and B). The improved or even complete suppression 
was achieved when a higher dosage (5 and 10 mg kg− 1) was adminis-
tered. We then examined toxicities of SB525334 towards the heart and 
small intestine, which were the main toxicity-related organs reported by 
other groups [15–17]. As displayed in Fig. 3C, the valve and vascular 
endothelial cells were heavily injured and inflamed indicted by the 
increased vascular permeability and infiltrated inflammatory cells, 
showing pathological proliferation of fibrous cells under all dosages. 
Moreover, we found the distortion of crypt architecture and pathological 
proliferation of lymphoid tissues in the small intestine under a dosage of 

Fig. 2. TGF-β supported colonization of 4T1 breast tumor cells by dampening the anti-tumor immune response of neutrophils at the metastatic niche. (A) Schematic 
illustration of the experimental setup. (B) Ex vivo bioluminescent images of lungs harvested from mice bearing Luciferase-labelled 4T1 (4T1-Luc) tumor. (C) TGF-β 
levels in lungs of mice at different times detected by ELISA (n = 4 per group). (D) The number of infiltrated neutrophils at the metastatic niche (n = 5 per group). (E) 
A representative immunofluorescent image of the pulmonary metastatic niche on day 21 (two independent experiments). Scale bar, 50 μm. (F) The expression of 
CD11b on infiltrated neutrophils at different stages of metastasis. (two independent experiments). (G) The relative mRNA expression associated with phenotype of 
infiltrated neutrophils (n = 3 per group). (H) The morphology of infiltrated neutrophils at the metastatic niche on day 28. Scale bar, 20 μm. (I) H2O2 production in 
PMA-activated infiltrated neutrophils (per 0.5 million, n = 3 per group). (J) The cytotoxicity of infiltrated neutrophils towards 4T1-Luc cells by incubating isolated 
neutrophils with 4T1-Luc in vitro (4T1:NE = 1:10, n = 3 per group). Data were presented as mean ± SD and analyzed by one-way ANOVA test with Tukey's correction. 
*p < 0.05, **p < 0.01, ***p < 0.001. 
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5 or 10 mg kg− 1. Despite the great potential of SB525334 held as a 
metastasis-directed metastasis-inhibiting agent, the severe toxicities 
limited the in vivo application [14]. A targeted drug delivery system 
might improve the therapeutic index. 

3.4. Fabrication and characterization of neutrophil cyto-pharmaceuticals 
of SB525334 

Neutrophils, as the most abundant leukocytes in circulation [26], can 
migrate into primary tumor [26,42] as well as metastasis sites [35,36]. 
In an effort to achieve an improved therapeutic index of SB525334, we 
chose neutrophils as the carrier to fabricate neutrophil cyto- 

pharmaceutical of SB525334 (Fig. 4A). To this end, we first prepared 
liposomal SB525334 (SBLP) as previously reported [23]. The prepared 
SBLP displayed an average particle size of 60 nm and a zeta potential of 
about +20 mV (Fig. S5) and a sustained release of SB525334 was ach-
ieved by liposomal encapsulation (Fig. S6). The SBLP was subsequently 
co-incubated with neutrophils to yield neutrophil cyto-pharmaceuticals 
of SB525334 (SBLP/NE). To verify the location of SBLP in SBLP/NE, 
liposome was tagged by coumarin-6 (Cou6-LP/NE). As shown in Fig. 4B, 
the Cou6-LP was located in the cytoplasm of neutrophils. The loading 
efficiency of SBLP/NE was calculated at 3.34 μg SB525334 per million 
cells. As displayed in Fig. 4C, since the overall cell viability had about 
20% decrease after 8 h due to neutrophils' short-lived nature especially 

Fig. 3. The bio-performance of TGF-β inhibitor in vivo. (A) Represntative images of hematoxylin-eosin (H&E) stained lungs collected from 4T1 tumor-bearing mice 
treated with saline or SB525334 (1, 5, and 10 mg kg− 1), Scale bar, 1 mm (upper); 200 μm (lower). (B) Quantified relative metastatic niche areas from each group 
compared to saline group (n = 3 per group). Data were presented as mean ± SEM and analyzed by one-way ANOVA test with Tukey's correction. *p < 0.05, **p <
0.01, ***p < 0.001. (C) Representative images of H&E stained heart valves as well as small intestines collected from 4T1 tumor-bearing mice treated with saline or 
SB525334 (1, 5, and 10 mg kg− 1, n = 3 per group). Black arrows indicated inflammatory cells infiltration; Asterisks (*) indicated vascular wall thickening; Hashes (#) 
indicated distortion of crypt architecture; Plus signs (+) indicated pathological proliferation of lymphoid tissues. Scale bar, 200 μm (10×); 50 μm (40×). 
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in vitro [43], no significant reduction of cell viability of SBLP/NE was 
observed compared with NE, demonstrating the fabrication of neutro-
phil cyto-pharmaceuticals was benign. Moreover, the expression of 
activation markers [40], like CD11b and CD62L, on SBLP/NE main-
tained unperturbed as measured by the flow cytometry (Fig. 4D). The 
migration capacity of SBLP/NE towards tumor was measured by the 
Transwell assay (Fig. 4E). We found that the number of SBLP/NE 
migrated towards tumor conditioned medium (TCM) was nearly ten 
times more than those towards RPMI 1640 medium (Fig. 4F). Moreover, 
the migration capacity of SBLP/NE towards TCM kept intact in com-
parison with NE (Fig. 4F). Lastly, the release kinetics of payloads from 
cyto-pharmaceuticals was monitored. We found that the cyto- 
pharmaceuticals maintained intact in the 1640 medium up to 7 h with 
only 30% of the payloads leaked. While, in the TCM, the cyto- 
pharmaceuticals swiftly released nearly 70% of the payloads within 3 
h (Fig. 4G). We also verified the tumor-triggered drug release by CLSM 
and found the relevant rupture of the cell membrane in the stimuli of 
4T1 TCM compared with that in RPMI 1640 medium (Fig. 4H). Since 
4T1 cells can induce neutrophil extracellular traps (NETs) by secreting 
cytokines like G-CSF [42] and the process of NET involves the rupture of 

the cell membrane [44], we further stained the NETs with citrullinated 
Histone H3 and found that the 4T1-TCM-specific drug release was in 
connection with the NETosis of the cyto-pharmaceuticals. (Fig. S7). 
Overall, this tumor-triggered drug release behavior of cyto- 
pharmaceuticals was favorable for the biocompatibility of tumor- 
targeted drug delivery. 

3.5. In vivo behavior of neutrophil cyto-pharmaceuticals 

Encouraged by the superior in vitro behavior of neutrophil cyto- 
pharmaceuticals, we next investigated their in vivo behavior after a 
systemic infusion into mice bearing 4T1 spontaneous lung metastasis. To 
evaluate the spontaneous migration of neutrophil cyto-pharmaceuticals 
in vivo, we labelled SBLP/NE with Cell Trace™ Far Red (Cell Trace+

SBLP/NE), and analyzed the frequency of Cell Trace+ SBLP/NE the 
metastatic niche and primary tumor (Fig. 5A). As displayed in Fig. S8, 
the Cell Trace+ SBLP/NE, simultaneously accumulated into lung and 
tumor in a time-dependent manner. We calculated the corresponding 
neutrophil targeting efficiency and found that at 12 h post-infusion, the 
total targeting efficiency (both tumor and lung) reached a plateau at 

Fig. 4. Fabrication and characterization of neutrophil cyto-pharmaceuticals of SB525334. (A) Schematic illustration of preparation of neutrophil cyto- 
pharmaceuticals. (B) The fluorescent image of Cou6-tagged neutrophil cyto-pharmaceuticals (two independent experiments). Scale bar, 5 μm. (C) The cell 
viability of neutrophil cyto-pharmaceuticals in vitro (n = 6 per group). (D) The expression of CD11b and CD62L on neutrophil cyto-pharmaceuticals analyzed by the 
flow cytometry (two independent experiments). (E) Schematic illustration of transwell migration assay. (F) Quantification of relative migrated NE or SBLP/NE 
analyzed by transwell migration assay (n = 3 per group). (G) The release profile of neutrophil cyto-pharmaceuticals in RPMI 1640 medium or 4T1 TCM (n = 3 per 
group). (H) The fluorescent images of neutrophil cyto-pharmaceuticals after incubation with 4T1 TCM or RPMI 1640 medium for 4 h (two independent experiments). 
Scale bar, 5 μm. Data were presented as mean ± SD and analyzed by Student's t-test. **p < 0.01, *p < 0.05, ***p < 0.001. 
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approximately 4.48%. The fluorescent images of frozen sections of lung 
and primary tumor further verified the simultaneous infiltration of 
neutrophils into primary tumor and metastatic niche (Fig. 5B). 

We next investigated whether neutrophil cyto-pharmaceuticals 
could convey their payloads into the two sites of interest. To make the 

payloads observable, we used the Cou6 instead. As suggested in Fig. 5C, 
D, and Fig. S9, Cou6-LP/NE conveyed the most payloads into the tumor, 
followed by Cou6-LP at 24 h post injection. The free Cou6 displayed 
minimum accumulation in tumor. Such an accumulation pattern of Cou6 
for all groups was also observed in lung, except for a peak-reaching time 

Fig. 5. In vivo behavior of infused neutrophil cyto-pharmaceuticals in mice bearing 4T1 spontaneous lung metastasis. (A) Schematic illustration of the experimental 
setup. (B) The typical fluorescent images of infused cyto-pharmaceuticals in primary tumor and metastatic niche (two independent experiments). Scale bar, 100 μm. 
(C) Ex vivo fluorescent images of the tumor and lung collected from mice receiving Cou-6, Cou6-LP, or Cou6-LP/NE, at 4, 12, and 24 h post-injection. (D) Quantified 
fluorescence intensity of the tumor and lung collected from mice receiving Cou-6, Cou6-LP, or Cou6-LP/NE, at 4, 12, and 24 h post-injection (n = 3 per group). Data 
were presented as mean ± SEM and analyzed by one-way ANOVA test with Tukey's correction. *p < 0.05 (free Cou6 vs Cou6-LP/NE), **p < 0.01, #p < 0.05 (Cou6-LP 
vs Cou6-LP/NE). (E) The typical fluorescent images of the primary tumor and metastatic niche (lung) harvested from mice treated with Cou6-LP and Cou6-LP/NE 
(two independent experiments). Scale bar, 50 μm. 
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of ~12 h. Lastly, we investigated the release of payloads from accu-
mulated Cou6-LP/NE at primary and metastatic sites (Fig. 5E). The 
fluorescent signal of Cou6 in the Cou6-LP/NE group (Green) well co- 
localized with lung metastasis regions (Red) indicating that Cou6-LP/ 
NE released Cou6-LP which was then internalized by tumor cells 
(Fig. S10). At the same time, the fluorescent signal of Cou6 in the Cou6- 
LP group was rare in lung metastasis regions and most Cou6 (Green) 
were accumulated at the edge of the lung metastasis regions (Red) 
probably due to the lower accumulation and penetration of Cou6-LP in 
lung metastasis regions compared with Cou6-LP/NE. Similarly, this 
tumor-triggered drug release behavior was also observed at primary site, 
demonstrated by the superior green signals of Cou6 inside tumor in the 
Cou6-LP/NE group than that in the Cou6-LP group. 

All in all, neutrophil cyto-pharmaceuticals could simultaneously 
accumulate into both metastatic niche and primary tumor, and then 
release their payloads in response to tumor stimuli. 

3.6. In vivo metastasis-inhibiting efficacy of neutrophil cyto- 
pharmaceuticals 

Inspired by the substantial targeting and releasing behavior of SBLP/ 
NE in vivo, we next investigated the metastasis suppression efficacy of 
SBLP/NE. As displayed in Fig. 6A, mice bearing spontaneous lung 
metastasis of 4T1 breast tumor were randomly divided into four groups, 
and further treated with saline, blank NE (3 × 108 cells kg− 1), SB525334 
(1 mg kg− 1), SBLP (1 mg kg− 1), and SBLP/NE (3 × 108 cells kg− 1, 
equivalent to 1 mg kg− 1 SB525334). After receiving several treatments, 
the mice were sacrificed for further analysis. The harvested lungs from 
all groups were subjected to the Living Animal Imaging System. We 
found that metastasis in mice receiving SBLP/NE was significantly 
suppressed. SB525334 and SBLP showed moderate metastatic-inhibiting 
efficacy. Notably, the administration of NE did not inhibit lung metas-
tasis (Fig. 6B and C). The immune-histological staining of harvested 
lungs further confirmed the superior metastasis-inhibiting efficacy of 
SBLP/NE (Fig. 6D and E). Moreover, mice receiving saline, NE, 
SB525334, and SBLP/NE survived no more than 55 days, while 
approximately 50% of mice treated with SBLP/NE survived on day 55 
(Fig. 6F). However, there were no mice in all groups survived eventu-
ally. It was possible that the burden of the primary tumor attributed to 
the sacrifice of mice treated with SBLP/NE despite its successful treat-
ment on metastasis, since we did not observe a significant reduction of 
primary tumor volume when treated with SB525334, SBLP or SBLP/NE 
(Fig. S11). 

We hypothesized the superior metastasis-inhibiting efficacy of SBLP/ 
NE was attributed to the inhibition of EMT at the primary site and re-
covery of anti-tumor capacity of infiltrated neutrophils at metastatic 
niche. To verify this, the harvested primary tumor was immune- 
histologically stained. As evidenced by Fig. 6G and H, the EMT pro-
cess was significantly blocked in mice administrated with SBLP/NE, 
which was indicated by the least Vimentin and most E-cadherin 
expression at the primary site. In the primary tumors of mice receiving 
SBLP, the EMT process was moderately inhibited, followed by 
SB525334. The slightly stronger EMT-inhibiting capacity of SBLP than 
SB525334 in the primary site was likely due to the higher concentration 
of SB525334 in primary tumor delivered by liposome (Fig. 5D). 
Administration of NE did not suppress the EMT. Additionally, we iso-
lated the infiltrated neutrophils at metastatic niche by density gradient 
centrifugation. As displayed in Fig. 6I and J, the capacity to produce the 
main effector agent by infiltrated neutrophils, i.e. H2O2 and TNF-α, from 
mice receiving SBLP/NE both significantly recovered, which conse-
quently improved the overall tumor-killing ability (Fig. 6K, p = 0.0005). 
Contrarily, the genes associated with pro-tumor effects in infiltrated 
neutrophils, such as Vegfa, Mmp9, and Prok2, were all strikingly down-
regulated (Fig. 6L). For mice receiving SB525334, the capacity to pro-
duce anti-tumor agents, including H2O2 and TNF-α, by infiltrated 
neutrophils was both significantly improved with a moderate tumor- 

killing potential (p = 0.0076). The expression of genes regarding the 
pro-tumor effects, such as Mmp9 and Prok2, was significantly lowered. 
Similarly, infiltrated neutrophils from mice receiving SBLP, displayed a 
moderate anti-tumor phenotype (p = 0.003), with an improved 
expression of H2O2 and down-regulated expressions of Vegfa, Mmp9, and 
Prok2. 

3.7. The preclinical biosafety profiles of neutrophil cyto-pharmaceuticals 

Considering the immune cell used in SBLP/NE, namely neutrophils, 
we first investigated whether the systemic infusion of SBLP/NE would 
evoke an inflammatory cytokine storm by measuring the serum levels of 
pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6, in mice 
receiving different formulations. As suggested in Fig. 7A-C, no signifi-
cant increases were observed from the level of these cytokines after 
systemic infusion of SBLP/NE, indicating no inflammatory storm 
happened during treatment. Next, the harvested hearts and intestines 
from mice receiving different treatments were analyzed by H&E stain-
ing. We found that administration of neither SBLP or SBLP/NE induced 
observable toxicities towards hearts and intestines, which might stem 
from the targeted delivery of SB525334 by the carriers, i.e. liposomes 
and neutrophils (Fig. 7D). Moreover, the functional indexes of the liver 
(such as alanine transaminase (ALT) and aspartate transaminase (AST)), 
and renal functional biomarkers (such as blood urea nitrogen (BUN) and 
creatinine (CRE)) in mice receiving SBLP/NE were normal, demon-
strating no acute toxicities of SBLP/NE to mice (Fig. 7E and F). Taken 
together, the safety of SBLP/NE treatment was satisfactory without any 
detectable toxicities. 

4. Discussion 

It has been well established that TGF-β participates in the dissemi-
nation step of metastasis by inducing EMT, which facilitates the intra-
vasation of tumor cells into the blood vessels [45–47]. However, the 
metastasis-promoting puzzle of TGF-β in metastatic niche remains to 
be explored, particularly in lung metastasis. Herein, we verify that the 
levels of TGF-β in the lungs of tumor-bearing mice increase accordingly 
with metastatic progression. In view that neutrophils are the major 
immune component in metastatic lung and their cytotoxicity is blocked 
by TGF-β in the primary tumor microenvironment [34], we discovered 
that high expression of TGF-β at the metastatic site can induce pro-tumor 
phenotype of lung neutrophils. Correspondingly, blockade of TGF-β 
recovered the anti-tumor responses of neutrophils with higher expres-
sions of metastasis-inhibiting-associated genes. 

Based on the contextual roles of TGF-β played in the breast tumor 
lung metastasis cascades, we verify the metastasis suppression efficacy 
of TGF-β inhibitor, SB525334, in vivo. However, the toxicities of 
SB525334 to the heart and small intestine retard the therapeutic bene-
fits. Cyto-pharmaceuticals, which can specifically deliver drugs to sites 
of interest without non-specific distribution [23,48], are thereby 
attractive. Based on the superior tropism of neutrophils towards primary 
and metastatic tumor cells, a neutrophil cyto-pharmaceutical of 
SB525334 was fabricated on the basis of our previous reports to improve 
the therapeutic index. As expected, our neutrophil cyto-pharmaceuticals 
enable TGF-β inhibitor to exert their full anti-metastasis potential at the 
target sites by interrupting the EMT process at the primary site and 
enhancing the anti-tumor capacity of infiltrated neutrophils at meta-
static niche respectively. It is well known that TGF-β can polarize many 
arms of the immune system [9,49], including the phenotype of tumor- 
associated neutrophils [34]. Besides, previous studies showed that fac-
tors derived from neutrophils isolated from metastatic lungs, like leu-
kotrienes, IL-6, MMP9, could favor metastatic cell colonization 
[35,36,38]. Our neutrophil cyto-pharmaceuticals unleashed the anti- 
tumor immune response of these neutrophils in lung metastatic with 
enhanced cytotoxicity towards tumor cells and depressed pro-tumor 
gene expressions like Mmp9 and Vegfa. On the other hand, our cyto- 

Y. Li et al.                                                                                                                                                                                                                                        



Journal of Controlled Release 336 (2021) 40–53

50

(caption on next page) 

Y. Li et al.                                                                                                                                                                                                                                        



Journal of Controlled Release 336 (2021) 40–53

51

pharmaceuticals did not show adverse immune responses like inflam-
matory cytokine storm, probably due to the short-lived nature and non- 
proliferation ability of neutrophils. 

The principal purpose of our study is to verify the metastasis- 
inhibiting benefits of drugs targeting metastatic cascades, so we take 

metastasis as the evaluating index. As for the growth of primary tumor, 
we did not observe a significant reduction when treated with SB, SBLP, 
or SBLP/NE (Fig. S11), which is in accordance with other studies 
[16,50]. For a future study, tumor-growth inhibiting therapy could be 
combined with SBLP/NE to make this therapy more clinic-relevant. 

Fig. 6. In vivo metastasis-inhibiting efficacy of neutrophil cyto-pharmaceuticals. (A) Schematic illustration of the experimental setup. (B) Representative ex vivo 
fluorescent images collected from mice on day 28. 1#, 2#, 3#, 4#, and 5# represent the group of Saline, NE, SB525334, SBLP, and SBLP/NE respectively. (C) 
Quantified relative fluorescence intensity of lungs from each group compared to saline group (n = 5 per group). Data were presented as mean ± SEM. (D) 
Representative images of H&E stained lungs collected from mice on day 28. Scale bar, 1 mm. (E) Quantified relative metastatic niche areas of lungs from each group 
compared to saline group (n = 5 per group). Data were presented as mean ± SEM. (F) Survival curves of 4T1-bearing mice receiving different treatments (n = 8 per 
group). Data were presented as mean ± SEM. (G) Immunohistochemistry analysis of E-cadherin and Vimentin expression in primary tumor. Scale bar, 100 μm. (H) 
Quantified relative E-cadherin and Vimentin expression of in primary tumor collected from mice receiving different treatments (n = 3 per group). (I) H2O2 production 
in PMA-activated infiltrated neutrophils (per 0.5 million) in metastatic niche after receiving different treatments (n = 5 per group). (J) The relative TNFα mRNA (Tnf) 
expression of infiltrated neutrophils (n = 3 per group). (K) The cytotoxicity of infiltrated neutrophils towards 4T1-Luc cells by incubating isolated neutrophils with 
4T1-Luc in vitro (4T1:NE = 1:10, n = 3 per group). (L) The relative mRNA expression associated with pro-tumor function of infiltrated neutrophils (n = 3 per group). 
Data were presented as mean ± SD. Data were analyzed by one-way ANOVA with Tukey's correction (C, E, and H to L) or a Log-rank (Mantel–Cox) test (F). *p < 0.05, 
**p < 0.01, ***p < 0.001. 

Fig. 7. The preclinical biosafety profiles of neutrophil cyto-pharmaceuticals. Serum levels of TNF-α (A), IL-1β (B), and IL-6 (C) in 4T1-bearing mice receiving 
different treatments (n = 5 per group). (D) H&E stained heart valves and small intestines of 4T1-bearing mice receiving different treatments. Black arrows indicated 
inflammatory cells infiltration; Hashes (#) indicated distortion of crypt architecture. Scale bar, 50 μm. (E), (F) Blood biochemical indexes, including AST, ALT, BUN, 
and CRE of 4T1-bearing mice treated with different formulations (n = 3 per group). Data were presented as mean ± SD. AST: aspartate aminotransferase. ALT: 
alanine aminotransferase. BUN: blood urea nitrogen. CRE: creatinine. 
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There have already been neutrophil-based therapies applied in the 
clinical. For example, granulocyte transfusion therapy has been applied 
for the treatment of granulocytopenia [51,52]. Besides, granulocyte 
infusion has been in the clinical trial for the anti-tumor therapies [53], 
although the efficacy needs to be further improved. These studies indi-
cate that the application of neutrophil cyto-pharmaceuticals may be 
feasible and safe, which favors our cyto-pharmaceuticals for further 
clinical translation. Our group has also done some researches on human- 
derived neutrophils targeted therapy for cancer in the early stage [6], 
and is exploring more ways to improve the anti-tumor effect [24]. 

Taken together, TGF-β within the metastasis environment plays a 
significant role in modulating the phenotype of tumor-associated neu-
trophils. Enhancing anti-tumor effects of neutrophils to improve meta-
static microenvironment and suppress metastasis colonization may 
reduce the metastatic risk even if the tumor cells have entered into the 
circulation. By blocking TGF-β signals involved in the EMT process and 
polarization of tumor-associated neutrophil phenotype, SBLP/NE con-
trols both “seeding and soil” of metastasis. 

5. Conclusion 

In summary, TGF-β at the metastatic niche was positively related to 
the colonization step of metastasis by dampening the anti-tumor po-
tential of infiltrated neutrophils. Besides, TGF-β at the primary site 
induced EMT to promote the dissemination of tumor cells. By simulta-
neous blockage of contextual TGF-β using neutrophil cyto- 
pharmaceutical, the 4T1 breast cancer lung metastasis was signifi-
cantly suppressed. This study not only discovers the contextual roles of 
TGF-β in breast cancer lung metastasis but also paves a new avenue for 
metastasis-inhibiting therapy based on the metastatic-cascades- 
targeting strategy. 
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