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KEY WORDS Abstract  Although multifarious tumor-targeting modifications of nanoparticulate systems have been at-
L tempted in joint efforts by our predecessors, it remains challenging for nanomedicine to traverse physiolog-
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Combination therapy; R848). Fused LPs preparations retained mycoplasma pathogen characteristics and achieved rapid recogni-
Nano therapy; tion and endocytosis by activated neutrophils stimulated by LPs-R848. The enhanced neutrophil infiltration
Chemotherapy in homing of the inflammatory tumor microenvironment allowed more nanoparticles to be delivered into

solid tumors. Facilitated by the formation of neutrophil extracellular traps (NETs), podophyllotoxin
(POD)-loaded MM-fused LPs (MM-LPs-POD) were concomitantly released from neutrophils and subse-
quently engulfed by tumor cells during inflammation. MM-LPs-POD displayed superior suppression effi-
cacy of tumor growth and lung metastasis in a 4T1 breast tumor model. Overall, such a strategy of
pathogen-mimicking nanoparticles hijacking neutrophils in situ combined with enhanced neutrophil infiltra-
tion indeed elevates the potential of chemotherapeutics for tumor targeting therapy.
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1. Introduction

Accounting for 10%—20% of breast cancer cases, triple-negative
breast cancer (TNBC) with high metastasis, recurrence and mor-
tality rates has always been a serious life threat for young
women'. Over the past few decades, nanomedicine has achieved
great progress in the field of tumor-targeted drug delivery” °.
Nevertheless, due to the clearance of the reticuloendothelial sys-
tem (RES), the aberrant and complex tumor vascular structure, the
dense extracellular matrix, and the elevated interstitial fluid
pressure, nanoparticles have not accumulated in tumors as ex-
pected despite various tumor active targeting modifications®.
Serving as the most abundant leukocytes in peripheral blood,
neutrophils are the front-line killer cells in innate immunity’. In
addition to the tumor-killing effect of drugs released through the self-
apoptosis and the formation of neutrophil extracellular traps (NETs)
in the presence of inflammatory signal, neutrophils themselves could
also inhibit tumor growth. On the one hand, once neutrophils are in
direct contact with the tumor cells, the secretion of reactive oxygen
species (ROS) through the respiratory burst comes into play®. On the
other hand, neutrophils could act by activating dendritic cells, CD4™*
and CD8 " cells’. Neutrophils have a strong ability to move across the
blood vessels through a special molecular mechanism and can also
migrate to the inflammatory tumor site under chemotaxis, and even
penetrate the deep avascular regions of tumors'’. Consequently, the
strategy of transportation by neutrophils based on their inflammation
localization abilities has been proposed as an emerging concept for
enhanced nanodrug delivery''~'®. The first step of utilizing neu-
trophils for drug delivery is to assemble neutrophil-nanoparticle
complexes, which can be completed in two approaches. One
approach is to co-incubate neutrophils with nanoparticles in vitro to
accomplish the loading of nanoparticles'?, followed by transfusion
back into bodies. In the other strategy, nanoparticles are able to hijack
neutrophils in situ'*. However, the method of extracorporeal loading
still involves some challenges, including the terminal differentiation
of neutrophils with a short lifetime (~7 h) and the lack of a mature and
stable culture method ex vivo. In addition, it can be dangerous to
inject a large number of cells at once because of systemic toxicity,
and external contamination may also occur occasionally. The latter
approach could be convenient in clinical practice, but the solution
lies in the design of nanoparticles'”. The rational design of delivery
systems to target neutrophils in vivo has been utilized in studies to
achieve increased nanoparticle deposition in tumor sites'®'”.
Neutrophils recognize and swallow foreign invaders through
pathogen-associated molecular patterns (PAMPs) by Toll-like re-
ceptors'®. Hybrid integration of bacteria-derived outer membrane
vesicles (OMVs), defined as a potential nanoplatform, has been
reported to improve tumor immunity and photothermal treatment
efficiency'® ?'. However, the shortcomings of low yields and
cumbersome extraction methods have limited their development
in the field of drug delivery to a certain extent. Herein, we con-
structed a drug delivery system utilizing the mycoplasma mem-
brane (MM) as a substitute, which has the characteristics of large
productivity and easy availability benefits from the absence of a
cell wall*?, followed by fusion with drug-loading liposomes (LPs)

to enhance their pathogen properties, thus promoting neutrophil
uptake. Furthermore, a dual Toll-like receptor 7/8 (TLR7/8)
agonist R848 was added to recruit more neutrophils into the tumor
region because of the ability to induce acute inflammation®>*,
Although R848 has been widely reported as an antitumor
immunomodulator™ 2, studies leveraging its effects on neutro-
phils to aid nanodrug delivery are lacking. Accordingly, our
design can simultaneously improve the phagocytosis of MM
decorated LPs by activated neutrophils®*?', and enhance nanodrug
accumulation along with the homing of neutrophils'®. To mini-
mize unwanted immune side effects, we encapsulated R848 in LPs
(LPs-R848) to control the action site of the blood and tumor. This
joint strategy aimed to promote the most beneficial outcome,
which both replenished the insufficient antitumor efficacy of R848
itself*® and accelerated the delivery of nanoparticles deep into
tumors. In practice, the injection of LPs-R848 was anterior to the
drug-loaded nanoparticles to pre-create an inflammatory envi-
ronment. The use of podophyllotoxin (POD), an outstanding
antitumor chemotherapeutic drug, is limited due to the fatal
drawback of systemic toxicity, especially unacceptable gastroin-
testinal toxicity”*>. Our delivery system coupled with POD
(MM-LPs-POD) was confirmed to notably inhibit tumor growth
and lung metastasis in a 4T1 breast cancer model (Scheme 1). In
summary, we envision that the combination of nanomedicine
based on cell delivery and clinical therapy could provide a real-
izable means for tumor targeted treatment.

2. Materials and methods

2.1. Materials

Soya bean lecithin (SPC) and cholesterol (Chol) were purchased
from Sangon Biotech (Shanghai, China). Podophyllotoxin (POD)
and resiquimod (R848) were provided by CSNpharm (Chicago,
IL, USA). Percoll, collagenase IV, DNase I, D-luciferin, HRP-
conjugated secondary antibody and fluorescence dyes, including
DiD, Dil, and DiO, were supplied by Shanghai Yeason Bio
Technologies Co., Ltd. (Shanghai, China). ACK lysis buffer was
purchased from Beyotime Institute of Biotechnology (Nantong,
China). All antibodies used for flow cytometry were purchased
from Biolegend (San Diego, CA, USA). Anti-P97 antibody was
purchased from Genscript (Nanjing, China). Anti-Ly6G antibody
for IHC and Cy3 conjugated anti-MPO antibody for IF were
purchased from abcam (Shanghai, China). The other chemicals
and reagents were all analytical grade.

2.2.  Cell lines and mice

4T1 breast cancer cells were obtained from Shanghai Cell Bank,
Chinese Academy of Sciences (CAS, Shanghai, China). 4T1 cells
with stable luciferase expression (4T1-luc cells) were established
through lentiviral transfection (Hanbio, Shanghai, China). Both
cell lines were cultured in RPMI 1640 containing 10% FBS and
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Scheme 1

1% nonessential amino acids. Cells were kept in 5% CO, and
37 °C with a humidified atmosphere.

Female BALB/c mice (aged 7—8 weeks) and Sprague—Dawley
(SD) rats (180—220 g) were provided by Shanghai Laboratory
Animal Research Center (Shanghai, China). Prior to the experi-
ment, mice were acclimatized for 5 days in a specific pathogen-
free facility with human care. All animal experiments were in
compliance with the animal care regulations of China Pharma-
ceutical University.

2.3.  Preparation and characterization of MM-LPs-POD

POD-loaded LPs (LPs-POD) were prepared by a thin-film hy-
dration method. In general, 30 mg of SPC, 3 mg of Chol, and 2 mg
of POD were dissolved in methanol and chloroform (2:1, v/v), and
then the solvent was evaporated in a round flask to form a thin
film, which was subsequently hydrated with double-distilled water
and sonicated at 4 °C for 5 min to make a uniform LPs solution.
LPs-POD were then centrifuged at 3000 rpm (ST16R, Thermo-
Fisher Scientific, Waltham, MA, USA) for 10 min and micro-
filtered through a filter membrane (0.22 pm) to remove free POD.
To prepare MM-LPs-POD, different proportions of MM (lip-
id:overall protein ratios of 2:0.04, 2:0.2, and 2:0.1, by weight)
were added to LPs-POD and stirred at 37 °C for 1 h followed by
extrusion through 0.1 pm polycarbonate membranes (Avanti Polar
Lipids, Alabaster, AL, USA) 11 times at room temperature. MM-
LPs-POD were stored at 4 °C until use. The preparation methods
of LPs-R848, DiD-loaded LPs (LPs-DiD), DiD-loaded MM-LPs
(MM-LPs-DiD) and DiO-loaded MM-LPs (MM-LPs-DiO) were
all similar. MM-derived nanovesicles (MMVs) were prepared by
direct extrusion.

The size distribution, zeta potential, and polydispersity index
(PDI) were measured by dynamic light scattering (DLS, Zetasizer
3000HS, Malvern Panalytical, Shanghai, China). The diameters of
nanoparticles in saline or with 10% serum at 37 °C and 4 °C were

The neutrophils engulf the

MM-LPs-POD, migrate across

the blood vessels and accumulate

at the tumor site under LPs-R848 activation

Schematic illustration of the combination of LPs-R848 with MM-LPs-POD for synergistic tumor therapy.

detected at different time points to investigate stability. The
morphology and structure of the nanoparticles were evaluated by
transmission electron microscopy (TEM, HT7700, HITACHI,
Tokyo, Japan) through phosphotungstic acid staining. The protein
components of MM-LPs were analyzed by SDS-PAGE assay.
Briefly, all samples were normalized to equal protein concentra-
tions via the BCA method and prepared in loading buffer (Bio-
Rad, Hercules, CA, USA). Samples were loaded onto a 10% SDS-
polyacrylamide gel and followed by silver staining. The typical
cell membrane protein (P97) on MMVs and MM-LPs was
examined by western blotting assay. All the samples were pre-
pared and loaded onto a 10% SDS-polyacrylamide gel for protein
separation as described above. The proteins were next transferred
polyvinylidene difluoride membranes (Millipore, Billerica, MA,
USA) and probed with anti-P97 antibody, followed by staining
with HRP-conjugated secondary antibody. Proteins were finally
detected using Bio-Rad ChemiDoc XRS+-.

2.4.  Membrane fusion verification

Forster resonance energy transfer (FRET) was used to estimate the
fusion of MM and LPs. Dil and DiD were encapsulated in LPs by
the same method mentioned above. MM was added to LPs in
varying proportions, stirred, and extruded to facilitate membrane
fusion. The fluorescence spectrum of the final double-dyed
nanoparticles was detected from 550 to 725 nm by a Spec-
traMax Paradigm Multimode Detection Platform (Molecular De-
vices, Sunnyvale, CA, USA) using 550 nm as the excitation
wavelength.

2.5.  Invitro release profiles of LPs-POD and MM-LPs-POD

The in vitro drug release behaviors of LPs-POD and MM-LPs-
POD were determined by the dialysis method in PBS at
different pH values of 7.4 and 4.5. In brief, 3 mL of the two
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freshly prepared POD preparations were sealed in dialysis bags
(MWCO 3500) and then immersed in 50 mL of release medium
(containing 0.1% Tween 80). Then, the cells were incubated in a
constant temperature shaker with gentle agitation. The released
solution (0.5 mL) was collected and replaced with fresh medium
at predetermined time intervals. The POD concentrations were
determined wusing high-performance liquid chromatography
(HPLC, Agilent 1290 Infinity, Agilent, CA, USA).

2.6.  Effect of LPs-R848 on neoplastic infiltration of neutrophils

For dose exploration of R848, tumor-bearing mice were i.v.
injected with LPs-R848 when the tumor volume reached
200 mm® at doses of 1, 5, 10, and 20 pg per mouse. At pre-
determined time points, peripheral blood and tumors were
collected, and the ratios of neutrophils in CD45" cells were
analyzed by flow cytometry (Accuri C6, BD, Franklin Lakes, NJ,
USA). The data obtained were analyzed by FlowJo V10 software
(BD).

For blood samples, after 5 min of erythrocyte lysis, cells were
rinsed with PBS three times and incubated with APC-CD45,
FITC-CD11b, and PE/Cy7-Ly6G antibodies for 15 min. The
samples were centrifuged at 350x g for 5 min and washed three
times before testing. For tumor tissues, after excision from the
living mice, tumors were rapidly incubated in a digestive solution
consisting of 0.1% collagenase IV and 0.02% DNase I for 30 min
with gentle shaking to prepare a single-cell suspension. Afterward,
the cell suspension was filtered through a cell strainer and
centrifuged at 350xg for 5 min to sediment the cells. After
erythrocyte lysis, cells were blocked with CD16/32 for 15 min to
exclude nonspecific binding, followed by staining with the three
fluorescent antibodies mentioned above, washing with PBS, and
finally analyzing by flow cytometry (BD).

2.7.  Invivo ingestion of nanoparticles by neutrophils

It was determined whether LPs-POD and MM-LPs-POD could
hijack circulating neutrophils in the blood, thus targeting and
accumulating in tumor sites. Flow cytometry (BD) was used to
analyze the ratios of neutrophils containing nanoparticles to total
CD11b" and Ly6G™ neutrophils in blood samples and tumor
tissues. Briefly, tumor-bearing mice were i.v. injected or not with
LPs-R848 at a dose of 5 pg per mouse in advance. One hour later,
LPs-DiD or MM-LPs-DiD were i.v. injected into untreated or LPs-
R848-treated mice. Samples of peripheral blood and tumors were
collected at predetermined time intervals and processed using the
same methods described above except staining only with FITC-
CD11b and PE/Cy7-Ly6G antibodies, and the samples were
then tested by flow cytometry (BD). The data obtained were
analyzed by FlowJo V10 software (BD).

2.8.  Invivo live imaging

A MaestroTM in vivo imaging system (PerkinElmer, Waltham,
MA, USA) was applied to investigate the distribution and tumor-
targeting ability of nanoparticles. LPs-DiD and MM-LPs-DiD
with different proportions of MM were i.v. injected into mice,
and images were taken at predetermined time intervals. For the
combination group, LPs-R848 were i.v. injected 1 h before
injecting nanoparticles. At 48 h post injection, the mice were
sacrificed, and tumors and main organs were dissected for ex vivo

imaging to display the organ distribution of the nanoparticles.
Living Image Software (PerkinElmer) was used for data analysis.

2.9.  Real-time gPCR

Tumor-bearing mice were i.v. injected or not with LPs-R848 at a
dose of 5 ng per mouse. Four hours later, a tissue RNA extraction
kit (ESscience, Shanghai, China) was used to extract total RNA
from organs, including the liver, spleen, and tumor, according to the
manufacturer’s instructions. The RNA was reverse transcribed to
cDNA using a reverse transcription kit (Vazyme, Nanjing, China).
Quantitative real-time PCR (qPCR) analyses were conducted using
SYBR Green Master Mix (Vazyme) and a LightCycler 480 De-
tector (Roche, Mannheim, Germany)**. The primers used are pro-
vided in the (Supplementary Materials Table 1). The results were
calculated through the comparative 2~ € method with Gaphd
as an endogenous control.

2.10.  Isolation of mature neutrophils from mouse bone marrow

Mature neutrophils were isolated from bone marrow through the
commonly used density gradient centrifugation method. Briefly,
bones detached from mouse legs were immersed in RPMI 1640
medium, and then both ends of the bone were cut to expose the
marrow cavity. The cells inside were flushed out with PBS, filtered
through a cell strainer and centrifuged at 350 g for 5 min to collect
bone marrow cells. After depleting red blood cells for 10 min on
ice, the cells were washed with PBS three times. Afterward, the
cell suspension was added to the top layer of separation solution
containing 55%, 65% and 75% Percoll mixture solution, followed
by centrifugation at 800 g for 40 min at room temperature. Neu-
trophils were collected at the interface of 65% and 75% fractions
and washed three times with ice-cold PBS. The viability of the
obtained neutrophils was detected by trypan blue staining, while
the purity was analyzed using flow cytometry (BD) by double
staining with FITC-CD11b and PE/Cy7-Ly6G antibodies.

2.11.  Evaluation of physiological activities of neutrophils under
inflammation

The physiological functions of neutrophils isolated from mice
were evaluated, including the expression of the specific adhesion
molecules CD11b and CD44. Neutrophils were incubated in cul-
ture medium with or without formylmethionylleucylphenylalanine
(fMLP) at concentrations of 0, 10, and 100 nmol/L for 30 min.
Thereafter, the cells were washed three times with PBS and
stained with FITC-CD11b or APC-CD44 antibodies. Finally, flow
cytometry (BD) was used to determine the fluorescence signal. To
evaluate the in vivo tumor infiltration ability of neutrophils before
and after administration of nanoparticles, 4T1-bearing mice were
treated with LPs-R848 in advance. After 1 h, PBS and different
nanoparticles were i.v. injected into mice. Four hours later, tumors
were excised, and the ratios of neutrophils to tumor cells were
analyzed by flow cytometry (BD).

2.12.  Formation of NETs in vitro and in vivo

For in vitro experiment, the isolated neutrophils (1 X 10* cells)
were seeded in a 96-well plate and incubated with or without
100 nmol/L. PMA for 8 h. After washing slightly with PBS thrice,
neutrophils were stained with 5 pg/mL propidium iodide (PI) for
15 min. After washing slightly with PBS thrice, neutrophils were
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visualized by ImageXpress Micro system (Molecular Devices,
Sunnyvale, CA, USA).

In vivo formation of NETs in control group and LPs-R848-
treated group 24 h after injection were analyzed by IF. The
slides were stained with Cy3-MPO and DAPI and finally visual-
ized under the slide scanning system (VS200, Olympus, Tokyo,
Japan).

2.13.  Transportation of MM-LPs-POD from neutrophils to
tumor cells

To image the in vitro release of nanoparticles from neutrophils to
4T1 cells due to the formation of NETs in the presence of phorbol
myristate acetate (PMA), DiD-labeled neutrophils encapsulated
with MM-LPs-DiO (neutrophils-DiD/MM-LPs-DiO) were co-
cultured with 4T1 cells in medium with 100 nmol/L PMA and
observed under ImageXpress Micro system (Molecular Devices).
Briefly, 4T1 cells (1 x 10* cells) were seeded in a 96-well plate.
After overnight incubation, neutrophil-DiD/MM-LPs-DiO was
added to tumor cells and incubated with or without PMA
(100 nmol/L) for 8 h. Tumor cells were then washed with PBS
slightly to remove suspended neutrophils and uningested nano-
particles followed by staining with DAPI for 30 min to localize
cell nuclei.

We also verified this phenomenon in vivo. Mice were first i.v.
injected or not with LPs-R848 (5 pg of R848 per mouse). One
hour later, neutrophils-DiD/MM-LPs-DiO (5 x 10° cells) were i.v.
injected. After 20 h, mice were sacrificed, and tumors were
digested to analyze DiO signals in transferred neutrophils and
tumor cells using flow cytometry (BD). Moreover, tumors, livers
and spleens in selected groups were rapidly made into frozen
slices for further observation. Upon staining with DAPI to mark
cell nuclei, the distribution of fluorescence signals of DiD and
DiO was visualized using the slide scanning system (Olympus).

2.14.  Invivo antitumor effect in orthotopic breast tumor-bearing
mice

The synergistic therapeutic effect of enhanced tumor accumula-
tion of nanoparticles benefitting from neutrophil activation and
POD-mediated chemotherapy was studied in the orthotopic 4T1
tumor model. A total of 1 x 10° 4T1-luc cells were suspended
with matrigel in 100 pL of ice-cold PBS and injected into the
right fat pad of mice. When the tumor volume reached approxi-
mately 100 mm?®, mice were randomly divided into five groups
and received five treatments every other day. The i.v. injection
doses of R848 and POD were 5 pg per mouse and 2.5 mg/kg,
respectively. For the combination group, the LPs-R848 were i.v.
injected 1 h before administration of MM-LPs-POD. The body
weight and tumor size were monitored throughout the trial, and
the tumor volume was calculated based on the equation as shown
in Eq. (1):

Tumor volume = 0.5 x Length x Width? (1)

when the tumor size reached approximately 1700 mm® in the
control group, most of the mice were euthanized and then the
tumors and major organs were collected, weighed, photographed
and fixed for further studies. The other mice were fed for total 25
days to observe pulmonary metastasis.

2.15.  Hematoxylin and eosin (HE) staining and immunohisto
chemistry (IHC)

The tumors and main organs were harvested and fixed in 4%
paraformaldehyde for 2 days, embedded in paraffin, and sliced for
HE staining and immunohistochemistry™. To further study the
antitumor efficacy of each group, evaluation of tumor cell pro-
liferation and apoptosis was performed by Ki67 and terminal
deoxynucleotidyl transferase-mediated dUTP nick end-labeling
(TUNEL) staining according to the manufacturer’s instructions.
For the immunohistochemical staining of Ly6G, tumors from mice
untreated and treated with LPs-R848 for 4 h were fixed and
stained with anti-Ly6G antibody. All the slides were observed
using the slide scanning system (Olympus).

2.16.  Statistical analysis

Data are expressed as the mean+SD of at least three independent
experiments. All statistical analyses were conducted in GraphPad
Prism 8.0 (GraphPad Software, San Diego, CA, USA) using an
unpaired two-tailed Student’s z-test. When the P value < 0.05 or
less, data from two groups were considered statistically
significant.

3. Results and discussion

3.1.  Preparation and characterization of MM-LPs-POD

MM-LPs-POD were prepared through the top-down method with
the committed step of coextrusion. LPs-POD were first obtained
by the conventional thin-film hydration method (Fig. 1A). MM
was isolated using repeated freeze—thaw cycles under hypotonic
conditions followed by two-step centrifugation. The protein
quantification of purified MM was performed using a BCA assay,
and the average protein content of the membrane extracted from
500 mL culture medium was estimated to be ~2 mg. The mem-
brane was stored at —80 °C in lyophilized form until use. HPLC
analysis indicated that the encapsulation efficiency of POD was
91.26%. To investigate the optimal mass ratio of LPs to MM, an
in vivo imaging experiment was carried out. Hybrid LPs at various
ratios of LPs to MM were prepared and labeled with DiD followed
by i.v. injection into mice, and photos were taken at different time
points (Fig. 1B). We found that nanoparticles accumulated in tu-
mors over time in all groups, among which the 2:0.04 group
exhibited the strongest tumor-targeting capacity. The results were
further confirmed by ex vivo fluorescence imaging (Fig. 1C) and
relative ROI analysis quantification (Fig. 1D and E). These results
indicated that the ratio of 2:0.04 was the optimal one for MM-LPs
to hijack neutrophils effectively in vivo and realize tumor targeted
accumulation. Therefore, the ratio of 2:0.04 was employed in the
preparation of MM-LPs in further studies. The assembly of MM
fuses with the lipid components of the LPs driven by mechanical
force from ultrasound and agitation and hence forms stable MM-
LPs. To confirm the fusion of the isolated MM and the synthetic
LPs, an FRET study was conducted by fusing FRET dye (DiD and
Dil)-labeled LPs with increasing amounts of MM. There was a
fluorescence recovery at 567 nm (Dil) and a fluorescence decrease
at 664 nm (DiD) with an increasing weight ratio of MM to LPs
(Fig. 1]), indicating successful fusion between the two membrane
materials and a weakened FRET effect of the dyes. Then, the
protein profiles of MMVs and MM-LPs were determined by SDS-
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Figure 1  Fabrication and in vitro characterization of MM-LPs-POD. (A) Schematic illustration of the preparation of MM-LPs-POD (B—E)
Optimization of the mass ratio of LPs to MM protein was studied by IVIS. (B) Representative living images and (C) ex vivo fluorescence imaging
of tumors and main organs excised from mice at 48 h after injection. (D) Corresponding quantitative analysis of fluorescence intensity at the tumor
sites (n=13). (E) Corresponding quantitative analysis of fluorescence intensity of major organs (n=3). (F) TEM imaging (G) size, (H) PDI, and (I)
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PAGE assay. Compared with MMVs, MM-LPs retained almost all
of the cell membrane proteins (Supporting Information Fig. STA).
Additionally, the western blotting result revealed that typical
membrane protein of mycoplasma cells (P97) was present on
MM-LPs without loss during the fusion process (Fig. S1B).

Furthermore, the morphology and hydrodynamic nature of
each nanoparticle were characterized by TEM (HITACHI) and
DLS (Malvern Panalytical). MM-LPs-POD presented as spherical
vesicular structure, which was similar to that of conventional li-
posomes (LPs-POD, Fig. 1F). MMVs showed a typical double-
layer membrane structure (Supporting Information Fig. S2). As
measured by DLS, the average size of MM-LPs-POD was
101.4 nm with the narrowest size distribution, while MMVs were
relatively larger (Fig. 1G and H, and Supporting Information
Fig. S3), which was possibly due to the mechanical rigidity of
the pure MM. Moreover, the zeta potential value of MM-LPs-POD
was between that of MM Vs and LPs-POD (Fig. 1I), which further
verified the valid fusion of MM with LPs. The stability of LPs-
POD and MM-LPs-POD was further investigated by monitoring
the size change of diluents in saline and 10% FBS at 4 and 37 °C.
Both preparations remained stable during the trial (Supporting
Information Figs. S4 and S5). Finally, the drug-releasing profiles
showed no significant differences between the two nanoparticles
under all experimental conditions (Fig. 1K).

3.2.  LPs-R848 notably enhanced neoplastic infiltration of
neutrophils

R848, which serves as a TLR7/8 agonist, could induce a pronounced
immune response and has been extensively studied for the treatment
of a variety of tumors in nanoparticle form and other forms>>>>%%, It
was reported that R848 could activate neutrophils in the blood and
significantly increase neutrophil frequency in tumors. To investigate
the effect of R848 on neutrophils and avoid systemic toxicity, we
encapsulated R848 into LPs and measured the number of neutrophils
in blood and tumors by flow cytometry (BD) at different time intervals
after i.v. injection (Fig. 2D). To determine the minimal and effective
dose, tumor-bearing mice were primarily i.v. injected with various
doses of R848 (1, 5, 10, and 20 pg per mouse) and analyzed after 4 h;
typical gating strategies are shown in Supporting Information Fig. S6.
The results suggest that administration of LPs-R848 at 5 g per mouse
could dramatically increase the proportion of neutrophils in CD45™"
leukocytes in both in the blood and tumor (Fig. 2A and B, and
Supporting Information Fig. S7). The 1 pg group failed to increase the
neutrophil ratio in the tumor despite elevated levels being observed in
the blood. Hence, a dose of 5 pg per mouse was applied in the
following experiment. From the perspective of the proportion change
of neutrophils over time, a conspicuous increase of
CD457CD11b"Ly6G™ neutrophils was observed in the tumors
within 8 h post administration of LPs-R848 and peaked at4 h (Fig. 2G
and H). Immunohistochemical staining of Ly6G also confirmed the
promoting effect of LPs-R848 on tumor infiltration of neutrophils
(Supporting Information Fig. S8). In the blood samples, this elevated
status persisted for at least 24 h (Fig. 2E and F), which can be inter-
preted as the breakdown of neutrophils taking place upon killing
tumor cells prior to neutrophil accumulation. In addition to the tumors
we expected, the liver and spleen, which act as critical immune tissues
and host a wide range of immunologic functions®**’, are two organs
where undesirable nanoparticle accumulation may occur. We next
sought to explore the changes in the mRNA levels of the major
chemokines responsible for neutrophil recruitment, such as Cxcll,
Cxcl2, and Cxcl5. As evident in Fig. 2C, although slight upregulation

of the expression levels of these three genes was observed in the livers
upon LPs-R848 treatment, their elevation was most pronounced in
inflammatory tumors, as expected. Moreover, almost no obvious
change was exhibited in the spleen after LPs-R848 treatment. These
results clearly suggested that LPs-R848 had the ability to activate
neutrophils in the blood and specifically help recruit neutrophils into
tumors, thus creating the prerequisites for the accumulation of more
nanoparticles.

3.3.  Concomitant enhanced nanoparticle accumulation in
tumors upon neutrophil recruitment induced by LPs-R848

To demonstrate the indispensable role of circulating neutrophils in
the delivery of nanoparticles to the tumor, we conducted an in vivo
colocalization experiment of neutrophils and nanoparticles and
evaluated them by flow cytometry (BD). Tumor-bearing mice
were i.v. injected with LPs-R848, followed by injection with LPs-
DiD 1 h later. Then, at different time points, the tumor and blood
samples were retrieved, and cells were stained for analysis by flow
cytometry (BD). The time interval between LPs-R848 and LPs-
DiD was determined by the change in the percentage of neutro-
phils over time in blood after treatment with LPs-R848, and at 1 h
post injection, the percentage of neutrophils was significantly
upregulated but had not yet peaked. Initially, we found that the
percentage of circulating neutrophils containing DiD* LPs
increased in a time-dependent manner (Fig. 3A and C), which was
consistent with the data from tumor tissue (Fig. 3D and
Supporting Information Fig. S9A) without treatment with LPs-
R848 in advance. Under the activation of LPs-R848, the coloc-
alization of the two unsurprisingly remained time-dependent, and
the value was significantly higher (Fig. 3B—D and Fig. S9B).
These results demonstrated that R848-activated neutrophil infil-
tration promotes the accumulation of nanoparticles in tumors.

3.4.  MM-LPs hijacked neutrophils more efficiently, thus
achieving more tumor accumulation

The in vivo imaging studies mentioned above illustrated that the
tumor-targeting ability of MM-modified nanoparticles was much
better than that of simple LPs. To verify whether this advantage is
contributed by the increased uptake of MM-LPs by neutrophils and
to clarify the role of LPs-R848 in this process, flow cytometry
analysis was performed to investigate the ratio of neutrophils car-
rying nanoparticles post injection with MM-LPs-DiD with or
without LPs-R848 pretreatment. As shown in Fig. 3E and F, and
Supporting Information Fig. S10, aligning with the results of LPs-
DiD, the co-localization of neutrophils and MM-LPs-DiD was
strikingly enhanced by LPs-R848 activation. More importantly,
MM-LPs could hijack circulating neutrophils more efficiently than
simple LPs regardless of the presence of LPs-R848. In addition, an
in vivo imaging system was used for further study of the targeted
delivery of nanoparticles. These results demonstrated that LPs
presented a remarkably stronger capability of tumor-targeting after
treatment with LPs-R848, which was consistent with the results
described above. In addition, in the presence of LPs-R848, MM-LPs
still showed better tumor-targeting properties than LPs (Fig. 3G and
H, and Supporting Information Fig. S11). Therefore, we can
conclude that both pre-injection of LPs-R848 and modification with
MM could promote the accumulation of LPs in tumor site. That is,
the introduction of MM into LPs significantly enhanced the tumor-
targeting ability by hijacking circulating neutrophils in a rapid and
powerful manner when assisted by LPs-R848.
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3.5.

To evaluate the toxicity of MM-LPs-POD to neutrophils in vitro, we
first characterized the physiological functions of the extracted neu-
trophils. Mature neutrophils were isolated from the bone marrow of
mice through the commonly used density gradient centrifugation

MM-LPs-POD showed no toxicity to neutrophils

method. The average yield of neutrophils was approximately 6 x 10°

cells per mouse, and the viability was 98% as calculated by trypan

trophils,

blue exclusion on a slide. Dual staining with FITC-CD11b and PE/
Cy7-Ly6G antibodies indicated that the purity was above 94% (Fig.
4A). CD11b and CD44 are specific proteins on the surface of neu-
which are related to the adhesion and migration of
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neutrophils and could be upregulated under the stimulation of
inflammation®®, therefore acting as signs of whether neutrophils
maintain normal physiological functions. fMLP is a neutrophil
chemotactic peptide which is often used to mimic the chemotactic
process’’. We used flow cytometry (BD) to estimate CD11b and
CD44 expression on the isolated neutrophil surfaces after stimulation
with fMLP. Fig. 4B and C, and Supporting Information Fig. S12
suggested that the expression of the two proteins was significantly
increased following treatment with fMLP. To identify whether the
uptake of nanoparticles altered the ability of neutrophils to infiltrate
into tumors, tumor-bearing mice pretreated with LPs-R848 were i.v.
injected with PBS, LPs and MM-LPs respectively, and 4 h later, the
ratio of neutrophils to tumor cells was calculated based on flow
cytometry analysis. In addition to the enhanced neutrophils infiltra-
tion benefited from LPs-R848 corresponding to the conclusion
mentioned above (Fig. 4D). The ratios of the three injection groups
exhibited no significant difference. Taken together, these results
illustrated that the neutrophils we isolated maintained their normal
physiological function and that the uptake of nanoparticles did not
affect the tumor infiltration ability of the neutrophils.

The cytotoxicity of free POD and MM-LPs-POD towards
neutrophils in vitro was examined using the CCK-8 assay at POD
concentrations from 0 to 100 ng/mL. As illustrated in Fig. 4E,
unlike other chemotherapeutics'>'’, even high doses of POD did
not cause any toxicity to neutrophils. Likewise, MM-LPs-POD
were also nontoxic to neutrophils at the concentrations used.
This outcome provided a foundation for the use of neutrophils as
vehicles for the delivery of MM-LPs-POD.

3.6. Intercellular transport of loaded MM-LPs from neutrophils
to tumor cells under inflammation

The release of nanoparticles from cell carriers and uptake by tar-
geted tissues warrants attention when designing drug delivery sys-
tems’. Neutrophils are superior vectors because inflammatory
signals in the tumor microenvironment can induce the apoptosis of
neutrophils and form NETs, followed by the release of loaded
contents'>*'. We used PMA to simulate an inflammatory environ-
ment*”. First, we observed that neutrophils formed NETSs success-
fully under the stimulation of PMA, which was manifested by the
disintegration of plasma membrane (Supporting Information
Fig. S13). Neutrophils-DiD/MM-LPs-DiO were first fabricated
(Supporting Information Fig. S14) and cocultured with tumor cells
with or without 100 nmol/L. PMA for 8 h (Fig. 5A). The release and
reuptake of nanoparticles was visualized by fluorescence imaging.
More nanoparticles colocalized with tumor cells in the PMA-treated
group, whereas nanoparticles mostly remained in neutrophils in the
absence of PMA (Fig. 5B). Quantitative calculation demonstrated
that about 86% of the POD released from neutrophils was encap-
sulated in MM-LPs. Furthermore, the integrity of released MM-
LPs-POD was confirmed by TEM (Supporting Information
Fig. S15). These data suggested that in response to inflammation
induction, neutrophils could form NETSs and release MM-LPs-POD,
which could maintain stability and structural integrity.

To achieve a comprehensive evaluation, we also carried out the
corresponding experiment in vivo. We first verified the formation of
NETs in tumors treated with LPs-R848 for 24 h by co-staining with
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Figure 5 Transportation of nanoparticles from neutrophils to tumor cells under inflammation. (A) Schematic pattern of neutrophils and the 4T1
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incubated with tumor cells with PMA for 8 h followed by DAPI staining and microscope observation. (B) Imaging of the coculture model. Yellow
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unpaired two-tailed Student’s t-test. *P<0.05, **P<0.01.
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DAPI and myeloperoxidase (MPO) antibody. The co-localization of
DAPI and MPO confirmed the existence of NETs* ™ (Supporting
Information Fig. S16). Next, neutrophils-DiD/MM-LPs-DiO were
i.v. injected into tumor-bearing mice pretreated with LPs-R848.
After 20 h, tumors, livers and spleens were harvested for further
analysis (Fig. 5C). The flow cytometry results in tumors revealed
that the percentage of CD45~ tumor cells containing DiO™ nano-
particles increased at least threefold in the LPs-R848 pretreatment
group compared with the control group. Moreover, the percentage
of DiD" neutrophils carrying DiO" nanoparticles dramatically
decreased post LPs-R848 treatment (Fig. SE and F). The results
were further confirmed by IF analysis of tumor tissue sections from
which the enhanced co-localization of nanoparticles with tumor
cells rather than neutrophils in the LPs-R848-treated group was
observed (Fig. 5D). To define the distribution of neutrophils-DiD/
MM-LPs-DiO in the liver and spleen, an IF experiment was con-
ducted. As shown in Fig. 5D, the transferred nanoparticles loading
neutrophils were much less distributed in the liver and spleen than
in tumors. Moreover, the antiproliferation activity of PMA-treated
MM-LPs-POD against 4T1 cells was investigated using a CCK-8
assay (Supporting Information Fig. S17). MM-LPs-POD/
neutrophils stimulated by PMA presented considerable cytotox-
icity to MM-LPs-POD, and both of them are stronger than free
POD, which suggested that MM-LPs-POD released from neutro-
phils in response to inflammatory stimulation remained intact and
were cytotoxic. Together, these results demonstrated that neutro-
phils mainly deliver the nanoparticles they carry to the tumor site
and then successfully release nanoparticles that are absorbed by
tumor cells driven by the inflammatory environment and finally,
exert antitumor effects.

3.7.  Pharmacokinetics

The blood concentration—time profiles and the mean pharmaco-
kinetic parameters of free POD and MM-LPs-POD are shown in
Supporting Information Fig. S18. The results indicated that the
blood circulation half-life (z;,,) of POD in free form (free POD)
and loaded in MM-LPs (MM-LPs-POD) was 0.857 and 2.345 h,
respectively. Furthermore, MM-LPs-POD increased the total
platinum exposure in plasma with an AUC 2.4-fold higher than
that of free POD. Taken together, these data suggested that POD
loaded in MM-LPs exhibited a superior blood circulation profile
compared with the free form.

3.8.  Invivo synergistic antitumor activity and safety evaluation

The synergistic antitumor effect of R848-mediated neutrophil
infiltration combined with POD-mediated chemotherapy was
evaluated in the orthotopic 4T1-luc tumor-bearing mouse model
(Fig. 6A). For the combination therapy group (referred to as the
LPs-R848+MM-LPs-POD group), as in the previous experiment,
mice were pretreated with LPs-R848 at a dose of 5 pg per mouse
1 h before injection of MM-LPs-POD (2.5 mg/kg) to induce an
acute inflammatory environment. /n vivo bioluminescence imag-
ing was examined four times on Days 6, 10, 12 and 14 for clearer
observation of tumor growth. Moreover, the body weight of the
mice and tumor size were monitored during the experiment. At the
end of the study, tumors were harvested and weighed to verify the
antitumor effects of each group.

The results of bioluminescence imaging indicated comparable
tumor sizes on Day 6, and as the treatment progressed, the tumors
in the control group developed rapidly while the combination

group ended up with only a small area of fluorescence, indicating
that tumors were severely suppressed (Fig. 6B). The outcomes
were further confirmed by ROI analysis (Fig. 6C). As presented
in Fig. 6D—F, the free POD group had a slight tumor-destroying
effect but did not display a significant difference from the control
group. Both LPs-R848 and MM-LPs-POD destroyed tumors only
moderately. While the combination group showed the strongest
inhibition of tumor growth and pulmonary metastasis expectedly
even at the pretty low dose of POD (Supporting Information
Fig. S19). In addition, most of the apoptosis and severely
inhibited proliferation were found in the combination group
through HE, Ki67 and TUNEL staining of tumor sections
(Fig. 6G). Ultimately, we addressed the safety of treatment reg-
imens through changes in body weight, viscera-related serolog-
ical indexes and HE staining (Supporting Information Figs.
S20—S22). From the results of serum ALT and AST levels, the
tumor burden itself caused a great degree of liver damage,
leading to the significant upregulation of these two indicators.
The lower levels of ALT and AST in LPs-R848+MM-LPs-POD
group might benefit from its better oncology efficacy. In gen-
eral, these findings revealed that none of the treatment groups
manifested any systemic toxicity due to the relatively low POD
dosage of administration. In summary, LPs-R848-induced
immunomodulation and neutrophil recruitment combined with
sufficient aggregation of MM-LPs-POD-enhanced antitumor
chemotherapy represented a typical synergistic therapy that
significantly restrained tumor progression and metastasis in 4T1
breast cancer. More importantly, this combination significantly
reduced the effective doses of the two drugs with relatively high
toxicity.

4. Conclusions

To sum up, we established an MM-modified LPs drug delivery
system that can hijack activated neutrophils and enable tumor
homing along with neutrophil recruitment under the stimulation of
the immune activator R848. Adding pathogenic characteristics
bestowed the nanocarriers with active targeting and accumulation
deep within tumors, thus accordingly enhancing the efficacy of the
loaded chemotherapeutic drug. This approach resulted in a
remarkable improvement in the suppression of tumor growth and
metastasis in the 4T1 orthotopic breast tumor model. Therefore,
this therapeutic strategy possesses the potential to treat a wide
range of cancers through tumor-targeted drug delivery conferred
by circulating neutrophils, surmounts the barrier of limited accu-
mulation of nanocarriers in tumors, and represents a promising
strategy with clinical feasibility.
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