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CANCER

Engineered neutrophil-derived exosome-like vesicles

for targeted cancer therapy

Jiahui Zhang't, Cheng Ji't, Hongbo Zhang®?t, Hui Shi', Fei Mao', Hui Qian', Wenrong Xu',
Dongqing Wang®, Jianming Pan®, Xinjian Fang®*, Hélder A. Santos’®*, Xu Zhang'*

Neutrophils are the most abundant innate immune cells in human circulation; however, their derived exosomes
have been rarely studied for tumor treatment. Here, we reported that exosomes from neutrophils (N-Ex) induce
tumor cell apoptosis by delivering cytotoxic proteins and activating caspase signaling pathway. In addition, we
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decorated N-Ex with superparamagnetic iron oxide nanoparticles (SPIONs) to achieve higher tumor-targeting
therapeutic effect. We further fabricated exosome-like nanovesicles from neutrophils (NNVs) at high yield. Com-
pared with liposome-loaded doxorubicin (DOX) and natural NNVs, DOX-loaded NNVs show an improved inhibition
of tumor cell proliferation. Moreover, DOX-loaded, SPION-decorated NNVs selectively accumulate at the tumor sites
under an external magnetic field, effectively restraining tumor growth and extensively prolonging the survival rate
in mice. Overall, a simple and effective method to engineer N-Ex and NNV:s at clinical applicable scale was developed,
which enables the efficient and safe drug delivery for targeted and combined tumor therapy.

INTRODUCTION
Neutrophils are the most abundant innate immune cells in human
circulation and act as the first line of defense against infection. Previous
studies demonstrate that neutrophils can eliminate malignant tumor
cells by direct cytotoxicity to tumor cells, antibody-dependent cytotoxic
activity, and recruitment of other antitumor effector cells (I). Neutro-
phils can release cytotoxic substrates such as reactive oxygen species and
hydrogen peroxide (H,0,) to mediate tumor cell killing (2). In addition,
neutrophils are capable of activating Fas/FasL (Fas ligand) apoptosis sig-
naling pathway and directly promoting tumor cell death. Neutrophils can
also produce a wide spectrum of factors to inhibit tumor cell proliferation
(2). Therefore, better understanding of the antitumor activity of neutro-
phils will provide a previously unknown approach for cancer therapy.
Exosomes are a class of extracellular vesicles (EVs) that play im-
portant roles in intercellular communication (3). Recently, exosomes
from immune cells have shown potent antitumor activity similar to
their producing cells. For instance, dendritic cell-derived exosomes
promote tumor cell apoptosis via TNF (tumor necrosis factor)
superfamily ligands (4). In addition, natural killer (NK) cell-derived
exosomes exert cytotoxic effects on tumor cells by delivering func-
tional NK proteins, namely, FasL and perforin (5-8). Moreover,
exosomes derived from y82-T cells contain death-inducing ligands
[FasL and TRAIL (TNF related apoptosis inducing ligand)], which tar-
get and efficiently kill Epstein-Barr virus-associated tumor cells (9).
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Previous studies have used neutrophil-derived EVs to treat arthritis
and sepsis (10, 11). However, the role of neutrophil-derived exosomes
(N-Ex) in cancer therapy has not been fully explored, mainly be-
cause of the short half-life of neutrophil and low yield of N-Ex.

Chemotherapy is commonly used in the clinic, but most chemo-
therapeutic drugs lack tumor-targeting ability and have toxic effects
on normal cells. Increasing evidence suggests that exosomes can be
used as a new tool for delivering chemotherapeutic agents because of
several advantages (12-14). For instance, exosomes are intrinsically
biocompatible, biodegradable, and low toxic. In addition, exosomes
can escape from clearance by the host immune system and pass
through physiological barriers. Moreover, exosomes inherit natural
targeting properties from their producing cells and accumulate at
local and metastatic tumor sites after systemic infusion (13). For
instance, exosomes derived from M1-polarized macrophages have
been used to deliver paclitaxel, which showed a higher antitumor
activity than free drug in mice (6). More recently, through extrusion,
exosome-like nanovesicles (N'Vs) have been produced at high yield
and emerged as a highly efficient exosome-like drug delivery system
(15-20). Whether NVs from neutrophils (NNVs) could be used for
cancer treatment remains unknown.

To this end, we determined the roles of natural N-Ex and
exosome-like NNVs in cancer therapy. We first demonstrated that
N-Ex exerted notable antitumor effect by activating the apoptosis
signaling pathway. We then decorated N-Ex with superparamagnetic
iron oxide nanoparticles (SPIONG) for targeted cancer therapy. Fur-
thermore, we prepared NNVs loaded with doxorubicin (NNV-DOX)
by an extrusion method and decorated them with SPION (SPION-
NNV-DOX) to achieve a dual-targeting property and combined
antitumor response. Our study suggests that the engineered SPION-
NNVs are very powerful in targeted drug delivery and cancer therapy,
and it can be produced at high yield for clinical translation.

RESULTS

Isolation, characterization, and uptake of N-Ex

To produce N-Ex, we isolated neutrophils from the peripheral blood
of healthy donors and cultured them in exosome-free medium for
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24 hours. N-Ex were isolated from the conditioned medium of neu-
trophils (N-CM) by ultracentrifugation and purified by density
gradient centrifugation (Fig. 1A). In general, the protein content of
N-Ex from 500 ml of culture supernatant of neutrophils was about
20 g/liter [as determined by bicinchoninic acid (BCA) protein assay].
The vesicular structure of N-Ex was measured by transmission elec-
tron microscopy (TEM; Fig. 1B). N-Ex displayed a cup-shaped
morphology with a diameter of 30 to 150 nm. The atomic force mi-
croscopy (AFM) images of N-Ex showed a typical oval structure of
exosomes and the pattern of N-Ex in three-dimensional imaging in
an oblique view (Fig. 1, C and D). Moreover, the nanoparticle tracking
analysis (NTA) results showed that N-Ex had an average diameter
of 125 + 10 nm and zeta potential of —26 + 1 mV, which is consistent
with TEM morphology (Fig. 1, E and F). The polydispersity index
(PDI) of N-Ex was detected by dynamic light scattering (DLS) and
showed a value lower than 0.3 (Fig. 1G). Further characterization by
Western blot confirmed that N-Ex expressed exosomal markers
CD9, CD63, CD81, and Alix, but not the endoplasmic reticulum (ER)
marker calnexin (Fig. 1H). Therefore, these results suggest that exo-
somes were successfully isolated from human neutrophils. To deter-
mine whether N-Ex could be taken up by tumor cells, we labeled
N-Ex with 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyaine
iodide (DiR) fluorescent dye and incubated them with HGC27,
SW480, and HepG2 cells for different times. The results of imaging
flow cytometry and fluorescence confocal laser microscopy showed
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that N-Ex was efficiently internalized into tumor cells in a time-
dependent manner (Fig. 1, I and J, and fig. S1).

N-Ex display tumor-suppressive activity both in vitro

and invivo

Next, we performed Cell Counting Kit-8 (CCK-8) assay to determine
the effect of N-Ex on the proliferation of tumor cells (HGC27, SW480,
and HepG2) and normal cells [GES-1, human umbilical vein endo-
thelial cells (HUVEC), and human fibroblasts (HFL)]. We chose
40 pg/ml as the work dose because this concentration had stable and
efficient effect on tumor cell inhibition (fig. S2, D to F). On the con-
trary, N-Ex had minimal effect on the proliferation of normal cells
(fig. S2, A to C). Compared to the control group, the proliferation
ability of HGC27 cells was significantly inhibited by incubation with
N-Ex but not N-Ex-depleted CM (Fig. 2A). Similar effects of N-Ex
were also observed in cell colony formation assays (figs. S3 and S4).
Flow cytometry results showed that N-Ex induced significant apop-
tosis in tumor cells but not normal cells at 24 hours after treatment
(Fig. 2, B and C, and figs. S5 and S6). In addition, JC-1 staining re-
sults showed that the mitochondrial membrane potential of tumor
cells was notably elevated after N-Ex treatment (Fig. 2D and fig. S7).
Then, HGC27 cells treated with N-Ex (40 ug/ml) for 24 hours
were evaluated for the status of apoptosis signaling pathway pro-
teins. Western blot results showed that N-Ex treatment increased the
expression levels of cleaved caspase-3, cleaved caspase-7, cleaved

Collecting culture
supernatant of PBNs
\LRemove dead cells TEM
Pellet E
3 5 51
= <
[ Remove cell debris § E 0 / £ 0.8+
v 2 = A / =
= 4 s = 0.6+
Pellet = b} =
8 ) S w0 .04
| E 2
5 . b b=} ’\H—e_,
‘LUltracentnfugz\tmn % g 7 E 0.2
=}
. . L : N 0.2 0.4 0.8 1 — 5 J <
Neutrophil-derived exosomes 0. 50 1000 200 4 " Position o 2 4 6 8
Diameter (nm) osition Time (hours)
I ) N-Ex
H HGC27 HGC27 4 hours 8 hours 12 hours

Calnexin EI

ﬂe\‘ ﬂ_‘\‘ﬁ‘

Fig. 1. Isolation, characterization, and cellular uptake of N-Ex. (A) Schematic diagram for the isolation of exosomes from human peripheral blood neutrophils (PBNs).
(B) TEM images of N-Ex. Scale bar, 100 nm. (C and D) N-Ex morphology was determined by atomic force microscopy (AFM). (E and F) NTA of particle size (E) and zeta po-
tential (F) of N-Ex. (G) The PDI of N-Ex was tested by DLS. (H) Western blot analyses of exosomal biomarkers (CD9, CD63, CD81, and Alix) and ER marker (calnexin) in N-Ex.
Neutrophil (Neu) lysate was used as a control. (I and J) Internalization of DiR-labeled N-Ex by human gastric cancer cells (HGC27) was determined by imaging flow cytometry
(1) and fluorescence confocal laser microscopy (J). Cell nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI). BF, bright field. Scale bars, 20 um.
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Fig. 2. N-Ex display tumor-suppressive activity both in vitro and in vivo. (A) CCK-8 assays for the cytotoxicity of CM, exosomes (40 ug/ml), and exosome-depleted CM
from neutrophils on human gastric cancer cells (HGC27) at 24 hours after incubation. (B and C) Flow cytometry analyses of cell apoptosis in human gastric cancer cells
(HGC27) treated with N-Ex (40 png/ml) for 24 hours. Pl, propidium iodide; FITC, fluorescein isothiocyanate. (D) Effects of N-Ex (40 ug/ml) on mitochondrial membrane po-
tential were determined by JC-1 staining. Scale bars, 50 um. (E and F) Western blot assays for the expression of proteins in apoptosis signaling pathway in HGC27 cells
treated with N-Ex (40 png/ml) for 24 hours. PARP, poly(adenosine diphosphate-ribose) polymerase. (G) Images of subcutaneous xenograft tumors in BALB/c nude mice
(n=5 per group) treated with PBS and N-Ex (5 mg/kg of body weight; 100 ul). (H) Tumor growth curves of BALB/c nude mice in PBS- and N-Ex-treated groups (n=5 per group).
(I) H&E staining of the heart, liver, spleen, lung, and kidney of mice as indicated. One-way analysis of variance (ANOVA) for multiple groups and Student's t test for paired

two groups were applied for statistical analysis. Scale bars, 100 um. ns, no significant change. *P < 0.05 and **P < 0.01.

caspase-9, cleaved poly(adenosine diphosphate-ribose) polymerase
(PARP), and cytochrome c in HGC27 cells (Fig. 2, E and F). Similar
changes were also observed in SW480 and HepG2 cells (fig. S8).
Moreover, the results of Western blot indicated that FasL, granzyme A,
granzyme B, and perforin were present in N-Ex (fig. S10), suggesting
that these proteins may play an important role in promoting tumor
cell apoptosis. We also compared the effects of N-Ex with that of
peripheral blood mononuclear cell (PBMC)-derived exosomes
(PBMCs-Ex; 40 ug/ml). CCK-8 results showed that N-Ex exhibited
a higher inhibitory effect than PBMCs-Ex on HGC27 cell proliferation
(fig. S9). Together, these results suggest that N-Ex inhibit tumor cell
viability in vitro by activating apoptosis signaling pathway.

We then subcutaneously injected HGC27 cells into BALB/c nude
mice and generated xenograft tumor models to evaluate the antitumor
efficacy of N-Ex. When tumor size reached ~50 mm’ (1 = 5 per
group), the mice were treated with N-Ex (5 mg/kg of body weight)
via intravenous injection every 4 days for 7 cycles (fig. SI1A). The
major organs and tumors were collected at 3 days after the last
injection (day 39). As shown in fig. S11 (B and C), the fluorescence
signals of administrated N-Ex (labeled with DiR) were mainly accu-
mulated in the liver and spleen, while a relatively weak fluorescence
signal was observed in the tumors. In comparison with the phosphate-
buffered saline (PBS) group, the N-Ex treatment group yielded a
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significant inhibition of tumor growth (Fig. 2G). The average tumor
volume in mice treated with N-Ex stayed at <500 mm”, whereas the
body weight of mice did not significantly reduce (Fig. 2H and fig.
S11D). We further detected the expression of apoptosis-related pro-
teins in the tumors by Western blot analysis. We found that N-Ex
treatment led to a significant promotion of cell apoptosis by activating
the caspase signaling pathway in the tumors (fig. S11, E and F). In
addition, Ki-67 and terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL) staining
results showed that the tumors from the N-Ex group displayed less
Ki-67-positive (fig. S11, G and H) while more TUNEL-positive cells
(fig. S11, I and J) than those from the PBS group, which further
confirmed that N-Ex suppressed tumor growth by inducing apop-
tosis. The results of hematoxylin and eosin (H&E) staining showed
that N-Ex treatment did not cause cell degeneration or necrosis in
major organs (heart, liver, spleen, lung, and kidney), indicating that
N-Ex had no overt systemic toxicity (Fig. 2I). Consistent with this
result, the serum levels of indicators for liver [ALT (alanine amino-
transferase) and (aspartate aminotransferase)], kidney [BUN (blood
urea nitrogen) and CREA (creatinine)], and heart [CK (creatine
Kinase), CK-MB (creatine kinase isoenzymes), LDH (lactate dehy-
drogenase), and o-HBDH (a-hydroxybutyrate dehydrogenase)]
functions in N-Ex-treated mice were not significantly different with
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that in PBS-treated mice (fig. S12). Furthermore, the cryosections of
the liver and spleen showed stronger red fluorescence signals than
that of tumors, indicating that DiR-labeled N-Ex were mainly
retained in these organs (fig. S13). We also treated the mice (n =5
per group) with N-Ex by intratumoral injection (5 mg/kg of body
weight) and observed a stronger antitumor efficacy than intravenous
injection (fig. S14). Together, these results suggest that N-Ex exerts
an efficient and safe antitumor effect in vivo.

Preparation and characterization of SPION-decorated N-Ex

Considering that the retention of the administrated N-Ex in the liver
and spleen may hinder their therapeutic efficacy, we then decorated
N-Ex with SPIONs by transferrin (Tf)-transferrin receptor (TfR)
interaction to improve their tumor-targeting capability (21, 22). The
magnetic behavior of Tf-SPION is shown in fig. S15A, confirming
the successful immobilization of magnetic nanoparticles. Moreover,
the homogeneously dispersed SPION adhered to the wall of vials
quickly and resulted in the formation of a clear and transparent
solution when an external magnetic field (MF) was applied (fig. S15B).
The morphology of SPION represented a black dot structure as
imaged by TEM (fig. S16A). The decoration of Tf to SPION was
detected using an ultraviolet spectrophotometer (fig. S16B), and the
particle size of Tf-SPION was measured by DLS (fig. S16, C and D).
We then incubated Tf-SPION with the N-CM under an external MF
to prepare for SPION-conjugated N-Ex (SPION-Ex; Fig. 3A and
fig. S17). This procedure improved the separation efficiency of N-Ex
and maintained a good dispersion of N-Ex in PBS and serum (fig.
S§18, A and B). The purified SPION-Ex was detected by TEM, and the

TEM images showed that the spherical exosomes were surrounded
by multiple superparamagnetic nanoparticles (Fig. 3B). The average size
and zeta potential of SPION-Ex were 140 + 11 nm and =34 + 1 mV,
respectively (Fig. 3, C and D). Furthermore, SPION-Ex displayed a
good polydispersity, with a PDI lower than 0.3 (Fig. 3E). Western
blot results confirmed the presence of exosomal markers, the enrich-
ment of TfR, and the absence of calnexin in SPION-Ex (Fig. 3F). The
purified SPION-Ex was labeled with DiR and incubated with HGC27
cells for 24 hours. Fluorescence confocal laser microscopy and im-
aging flow cytometry were used to visualize the intracellular local-
ization of SPION-Ex. As shown in Fig. 3 (G and H), a stronger
fluorescence signal (red) was observed in the cytoplasm of cells when
incubated with DiR-labeled SPION-Ex under an external MF, indi-
cating that SPION modification improved the uptake of N-Ex by
the recipient cells. Overall, we have developed a SPION-based system
for the rapid isolation and purification of N-Ex.

In vitro cytotoxicity of SPION-Ex

We then assessed the targeting ability of SPION-Ex in vitro. HGC27
cells were cultured with SPION-Ex (40 ug/ml) for 24 hours in the
presence or absence of an external MF (fig. SI9A). The responses of
HGC27 cells to SPION-Ex treatment were monitored by CCK-8 assay.
As shown in Fig. 4A, SPION-Ex/MF displayed a higher cytotoxicity
toward HGC27 cells than the unmodified N-Ex and SPION-Ex
without MF. Similarly, SPION-Ex/MF also exhibited a stronger
inhibition of cell proliferation in other tumor cells (fig. S19B).
Nevertheless, SPION-Ex/MF showed no toxicity to normal cells even
when an external MF was applied (fig. S19C).
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Fig. 3. Magnetic separation and characterization of SPION-Ex. (A) The procedure for magnetic separation of SPION-Ex. The CM of neutrophils was incubated with
Tf-SPION solution (0.5 mg/ml; containing ~0.1 mg of SPION) for 4 hours at 4°C. (B) Representative TEM images of SPION-Ex. The red arrows indicate the SPION on the
surface of exosomes. Scale bars, 100 nm. (C and D) The size distribution (C) and zeta potential (D) of SPION-Ex were measured by NTA. (E) The PDI of SPION-Ex was detected
by DLS at the indicated times. (F) The expression of exosomal biomarkers (CD9, CD63, CD81, and Alix), ER marker (calnexin), and TfR in N-Ex was determined by Western
blot. (G and H) The uptake of DiR-labeled SPION-Ex (red fluorescence) by HGC27 cells in the presence or absence of MF was examined by imaging flow cytometry (G) and

fluorescence confocal laser microscopy (H). Scale bars, 20 um.
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SPION-Ex (40 pug/ml) with or without MF for 24 hours. 5-FU was used as a positive control. (A) Cell viability of HGC27 cells was determined by CCK-8 assay. (B and C) Cell
colony formation assays for HGC27 cells. (D and E) Cell apoptosis for HGC27 cells was determined by flow cytometry with annexin V/Pl double staining. (F) JC-1 staining
was used to detect the mitochondrial membrane potential of HGC27 cells. Scale bars, 50 um. (G and H) Western blot assays for the expression of proteins in apoptosis
signaling pathway in HGC27 cells. One-way ANOVA for multiple groups were applied for statistical analysis. *P < 0.05 and **P < 0.01.

The results of cell colony formation assay showed that tumor cells
treated with SPION-Ex/MF (40 pg/ml) formed obviously smaller and
fewer colonies than control cells, and this effect was more significant
than that of 5-fluorouracil (5-FU) (30 pug/ml; Fig. 4, B and C). Flow
cytometry results showed that SPION-Ex/MF (40 pg/ml) induced an
increased percentage of apoptotic cells than 5-FU (30 pg/ml), N-Ex
(40 pug/ml), and SPION-Ex (40 pg/ml) without MF (Fig. 4, D and E).
JC-1 staining results also confirmed that SPION-Ex/MF most notably
reduced the mitochondrial membrane potential of tumor cells as
compared to 5-FU, N-Ex, and SPION-Ex without MF (Fig. 4F). The
increased expression of cytochrome c and cleaved caspase-3 was also
observed in the SPION-Ex/MF group, indicating that SPION-Ex
more efficiently promoted cell apoptosis when an external MF was
applied (Fig. 4, G and H). Overall, these data suggest that SPION-Ex/
MF exerts an improved antitumor effect in vitro.

In vivo tumor-targeting and therapeutic effect of SPION-Ex

We next used a subcutaneous xenograft tumor model established
by HGC27 cells in BALB/c nude mice to investigate the tumor-
targeting ability and therapeutic response of SPION-Ex. When
the tumor size reached ~50 mm?, the mice were divided into
three groups (PBS, SPION-Ex without MF, and SPION-Ex/MF;
n =4 per group). DiR-labeled SPION-Ex was intravenously injected
into the mice (5 mg/kg of body weight; 100 ul), and the biodistribu-
tion of SPION-Ex under an external MF was visualized at different

Zhang et al., Sci. Adv. 8, eabj8207 (2022) 12 January 2022

times after injection (12, 24, 48, and 72 hours) by an in vivo imaging
system (IVIS). As depicted in Fig. 5A, the stronger fluorescence sig-
nals of DiR-labeled SPION-Ex were measured in tumors under MF,
and the fluorescence signals mainly localized at the tumor site at 72 hours
after injection. After in vivo imaging, the major organs and tumor
tissues were excised for ex vivo imaging. Consistent with the in vivo
imaging results, DiR-SPION-Ex was predominantly accumulated in
the tumors (with MF), and the accumulation was time dependent
(Fig. 5B and fig. S20), which demonstrated that SPION-Ex/MF had
a remarkable tumor-targeting ability.

We further examined the antitumor efficacy of SPION-Ex/MF in
another set of tumor-bearing mice (n = 5 per group). The mice were
divided into six groups and received different treatments (PBS; SPION,
2 mg/kg of body weight; 5-FU, 5 mg/kg of body weight; N-Ex,
SPION-Ex, and SPION-Ex/MF, 5 mg/kg of body weight; 100 pl) at
12, 16, 20, 24, 28, 32, and 36 days after tumor inoculation. The tumor
size results showed that treatment with SPION-Ex under an external
ME efficiently suppressed tumor growth in vivo (Fig. 5, C to E). Com-
pared with the SPION-Ex without MF group, the treatment with
SPION-Ex/MF showed an increased therapeutic effect. The survival
rates of mice in different groups are shown in Fig. 5F. The average
survival times of mice in the PBS, SPION, 5-FU, N-Ex, and SPION-Ex
without MF groups were 45, 47, 67, 61, and 59 days, respectively.
The mice treated with SPION-Ex/MF survived 86 days, and 40% of
mice survived to the end of the study. The body weights of mice in
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at 12, 24,48, and 72 hours after intravenous injection. (C) Representative images of subcutaneous xenograft tumors established by HGC27 cells in BALB/c nude mice (n=5
per group) that received different treatments including PBS, SPION (2 mg/kg of body weight), 5-FU (5 mg/kg of body weight), N-Ex (5 mg/kg of body weight), and
SPION-Ex (5 mg/kg of body weight) with or without MF. (D) Tumor growth was routinely examined, and the tumor growth curves in each group were shown. (E) The
weights of the harvested xenograft tumors. (F) Survival rates of mice that received different treatments as indicated. (G) The body weights of mice at the end of study
were shown. (H and I) Ki-67 staining of tumors from mice that received different treatments including PBS, SPION (2 mg/kg of body weight), 5-FU (5 mg/kg of body weight),
N-Ex (5 mg/kg of body weight), and SPION-Ex (5 mg/kg of body weight) with or without MF. Scale bars, 100 um. (J and K) TUNEL staining of tumors from mice that received
different treatments including PBS, SPION (2 mg/kg of body weight), 5-FU (5 mg/kg of body weight), N-Ex (5 mg/kg of body weight), and SPION-Ex (5 mg/kg of body

weight) with or without MF. Scale bars, 100 um. One-way ANOVA for multiple groups were applied for statistical analysis. *P < 0.05 and **P < 0.01.

the SPION-Ex/MF group were comparable to that of the PBS group,
while mice in the 5-FU group exhibited a notable decrease in body
weight after treatment (Fig. 5G).

We further evaluated the safety of SPION-Ex/MF by collecting
major organs from mice at 3 days after the last injection. The results
of H&E staining revealed that there were congestion and irregular
thickening of myocardial fibers and pulmonary capillaries in the 5-FU
group, while no notable lesions were observed in the SPION-Ex/MF
group (fig. S21). The results of blood biochemical tests showed that
the serum levels of indicators for heart (CK, CK-MB, LDH, and
o-HBDH), liver (ALT and AST), and kidney (BUN and CREA)
functions increased in the 5-FU group but not in the SPION-Ex/MF
group, suggesting that treatment with SPION-Ex/MF did not result in
toxicity to major organs (fig. S22). The results of Ki-67 and TUNEL
staining showed that there were less Ki-67-positive cells (Fig. 5,
H and I) but more TUNEL-positive apoptotic cells (Fig. 5, ] and K)
in the SPION-Ex/MF group than the SPION-Ex without MF group.
Moreover, the fluorescence signals in the cryosections of liver in the
SPION-Ex/MF group were lower than that in the N-Ex and SPION-Ex
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without MF groups (fig. S23). These findings indicate that SPION-Ex/
MF has a stronger targeted therapy effect than unmodified N-Ex
and better safety than 5-FU in vivo.

Antitumor effect of SPION-NNV-DOX

Exosome-mimetic NVs have been reported as convenient and reli-
able drug nanocarriers. We then tested the possibility of NNV to be
used as a drug delivery vehicle. To this end, we produced DOX-loaded
cationic liposomes (DOX-CL) with a mass ratio of 3.9% (3.9 mg of
drugs in 100 mg of liposomes) (fig. $24, A and B). We then incubated
DOX-CL with neutrophils to generate DOX-carrying neutrophils
and produced NNV-DOX by a serial extrusion method. The effects
of NNV on the proliferation of tumor cells and normal cells were
detected by CCK-8 assay (fig. S25, A and B). In similar to N-Ex,
NNV also inhibited the proliferation of HGC27 cells in a dose-
dependent manner but did not affect the viability of HUVECs.
Western blot results showed that several representative proteins
[CXCR4, intercellular adhesion molecule-1 (ICAM-1), L-selectin,
and B1 integrin] in neutrophils were also preserved on NNV
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analysis. *P < 0.05 and ***P < 0.001.

(Fig. 6, A and B). Neutrophils were incubated with DOX-CL (50 pg/ml),
and the uptake of DOX-CL by neutrophils was detected via multi-
dimensional imaging flow cytometry (fig. S26, A and B). The
DOX-CL/neutrophil suspension was physically extruded 11 times
by using a mini extruder to generate a large scale of NNV-DOX.
The loading efficiency of DOX-CL into NNV after serial extrusion
of neutrophils was 8.5%. TEM analysis showed that NNV-DOX
displayed a typical core-shell structure with a single dimmer neutro-
phil membrane layer (Fig. 6C). The average size and zeta potential
of NNV was 181 £ 9 nm and —16 £ 3 mV, and that of NNV-DOX was
230 £ 10 nm and —19 + 1 mV, as detected by DLS (fig. S27, A to C).
In addition, NNV expressed exosomal markers but not the ER
marker (fig. S27D), indicating that NNV maintained the character-
istics of N-Ex (23, 24). Furthermore, Western blot results showed that
FasL, granzyme A, granzyme B, and perforin were expressed
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in NNV as well (fig. S27E). A PDI of less than 0.3 was also ob-
served in NNV and NNV-DOX (fig. S27F). The amounts of DOX
released from NNV-DOX at different solutions were tested by
high-performance liquid chromatography (HPLC). Compared with
neutral environment (pH 7.4), the acidic environment (pH 5.5) ac-
celerated the release of DOX, showing about 45% (pH 7.4) and 74%
(pH 5.5) accumulative release at 72 hours after incubation, respec-
tively (fig. S28, A and B).

We further modified NNV-DOX with Tf-SPION (SPION-NNV -
DOX) to improve their tumor-targeting ability. As shown in fig.
S29A, SPION-NNV-DOX/MF displayed a higher cytotoxicity toward
HGC27 cells than SPION-NNV-DOX without MF. Moreover, the
antitumor activities of N-Ex, SPION-Ex, NNV, NNV-DOX, and
SPION-NNV-DOX (with or without MF) were compared, and the
results showed that NNV had a similar effect to N-Ex and DOX
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loading improved its cytotoxicity (fig. S29B). The mitochondrial
membrane potential of HGC27 cells in the SPION-NNV-DOX/MF
group was significantly decreased compared to DOX and NNV alone
groups (Fig. 6D).

We then evaluated the antitumor effect of SPION-NNV-DOX/
MF on a mouse xenograft tumor model established by HGC27 cells
in BALB/c nude mice (Fig. 6E). Once the tumor grew to about
50 mm?®, the mice were intravenously injected with PBS, DOX-CL
(5 mg/kg of body weight), NNV (5 mg/kg of body weight), and
SPION-NNV-DOX (5 mg/kg of body weight, DOX; with or without
MEF) for 7 cycles (4 days/cycle). Compared with DOX, NNV, and
SPION-NNV-DOX without MF, SPION-NNV-DOX/MF exhibited
the strongest tumor growth inhibition effect (Fig. 6, F to H). SPION-
NNV-DOX/MEF significantly prolonged the median survival time of
mice from 65 (DOX-CL), 58 (NNV), and 82 (SPION-NNV-DOX)
to 140 days (SPION-NNV-DOX/MF) (Fig. 6I). Moreover, the body
weights of mice in the SPION-NNV-DOX/MF group were not sig-
nificantly changed, indicating the safety of this treatment (Fig. 6]).
In addition, the fluorescence signals of the SPION-NNV-DOX/MF
(DiR-labeled NNV; red fluorescence) group mainly accumulated at
the tumor site, and the marginal fluorescent signal was observed in

A B Tumor ? 4 o o C 3
- 6 * 0 2 4 % y PBS| @ D -3 N @ @
g Kidney ’3 e g @ < - 2 DOX-CL|% @ @ 99
NCG mice i iv injection (EX/NNV: 5 mg/kg) 6 SPION-Ex | @ s
o L . y 3 : 209 999
SRITITE | ] smovgawr| £33 2 S
A Spleen 4 Nes..e o) w € > \ r
— = B e mon | S S A A
1 1012 16 20 24 28 32 36 Day Liver @ 3 e SPION-NNVIMF| 6 ® 9 € @ & ©
S = \é . SPION-NNV-DOX| @ » 4 = & e
; Heart @ o o e o g SPION-NNV-DOX/MF| < o
SWA80 cells (4 x 109 sc PBS 0xCl o N ES C ME XNV (wiE “ox MF
DO ?\OS PION-EY S?‘ON OND Nwow_ﬂﬂ\ RV pOoX/?
D E
- PBS -+ SPION-NNV
DOX-CL SPION-NNV/MF

A 1o0 = SPION-EX SPION-NNV-DOX ?
£ SPION-EX/MF -4 SPION-NNV-DOX/MF 5
51200 ;
@
:
2w £ 2
> = =
5 40 4
] =)
= =
12 16 20 24 28 32 36
Days &
y S
H .
*kk
5100 Sk émo —
@ @2 —
= 8o * = 80 *
S _ns —— S —*
o 60 o 60 ns
> >
2 B [
= a0 'z 40
17 * 4
° — S
2 20 T2
o -
N-) =
oL z °
=} > >
Z 2 & gv@sx“ S o&;@“
Q0 é‘\ <& *eie
Q\o Q *e &
< é
é‘

the liver at 3 days after the last injection (Fig. 6K and fig. $30). Ki-67
and TUNEL staining results showed that SPION-NNV-DOX/MF
inhibited tumor cell proliferation and induced cell apoptosis in
tumor tissues to the greatest extent compared to other groups
(Fig. 6, L to O). The results of H&E staining and blood biochemical
tests indicated that SPION-NNV-DOX/MF had few toxic and side
effects, while DOX-CL showed remarkable alterations to the histology
of major organs and expression levels of indicators for liver, kidney,
and heart functions (figs. S31 and S32).

To further prove that SPION-NNV is a promising platform for
the delivery of DOX and treatment of cancer, we constructed another
subcutaneous xenograft tumor model in severely immunodeficient
NCG mice. SW480 cells (4 x 10° cells per mouse) were subcutane-
ously implanted into NCG mice (n = 7 per group) and treated as
described above (Fig. 7A). We confirmed that the effects of SPION-
NNV-DOX/MF on SW480 cell proliferation and apoptosis in vitro
were superior to that of free DOX, SPION-Ex, SPION-Ex/MF,
SPION-NNV, SPION-NNV/MF, and SPION-NNV-DOX without
MF (figs. S33 and S34). In vivo biodistribution data showed that the
fluorescence signals of SPION-NNV-DOX/MF mostly accumulated
in the tumor (Fig. 7B and fig. $35). Tumor volume and tumor
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Fig. 7. Therapeutic effect of SPION-NNV-DOX on tumor-bearing NCG mouse. (A) Schematic design for SPION-NNV-DOX treatment in subcutaneous xenograft tumor
model established by SW480 cells in NCG mice. (B) Representative images of ex vivo fluorescent signals in the major organs (heart, liver, spleen, lung, and kidney) and
tumors of mice at 3 days after the last injection. (C) Images of SW480 xenograft tumors in NCG mice treated with PBS, DOX-CL (5 mg/kg of body weight), SPION-Ex (5 mg/kg
of body weight) with or without MF, SPION-NNV (5 mg/kg of body weight) with or without MF, and SPION-NNV-DOX (5 mg/kg of body weight, DOX) with or without MF
under 7 cycles of treatment regimen (n =7 per group; 4 days/cycle). (D) Tumor volume was closely monitored and tumor growth curves were recorded. (E) Tumor weights
of mice in each group at the end of study (day 39). (F and G) Representative images of Ki-67 (F) and TUNEL (G) staining of tumors in each group. (H and I) Statistical analyses
of immunohistochemical staining results. (J) Schematic illustration of SPION-Ex and exosome-like NVs as a novel cancer therapeutic agent and drug delivery nanoplatform.
Scale bars, 100 um. One-way ANOVA for multiple groups were applied for statistical analysis. *P < 0.05 and ***P < 0.001.
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weight results showed that SPION-NNV-DOX/MF suppressed tu-
mor growth more efficiently than DOX-CL, SPION-Ex, SPION-Ex/
MF, SPION-NNV, SPION-NNV/MF, and SPION-NNV-DOX without
MF (Fig. 7, C to E). Furthermore, the number of Ki-67-positive cells
was significantly decreased and the number of TUNEL-positive cells
was notably increased after treatment with SPION-NNV-DOX/MF
compared with other groups (Fig. 7, F to I). DOX-CL treatment re-
sulted in a decrease in mouse body weight and led to toxicity in
major organs, while SPION-NNV-DOX/MF treatment had minimal
side effect (figs. S36 and S37). In summary, NNV was used as a novel
nanoparticle platform to deliver DOX for higher tumor-targeting and
improved therapeutic response.

DISCUSSION

In this study, we isolated exosomes from the peripheral blood neutro-
phils of healthy donors and showed that N-Ex exerted cytotoxicity
against tumor cells by activating apoptosis signaling pathway. We
also developed a quick magnetic separation method to isolate
exosomes from neutrophils and endowed N-Ex with dual tumor-
targeting abilities (biological targeting and magnetic targeting), which
greatly improved their therapeutic efficacy. Moreover, we fabricated
NNVs at high yield, as a new delivery tool for chemotherapeutic
drugs. We showed that, through this strategy, SPION-decorated,
DOX-loaded NNV achieved dual therapeutic effects (both drug and
NNV), which almost completely eliminated tumor growth in mice.
These findings not only demonstrate the role of exosomes in the
antitumor activity of neutrophils but also provide natural and bio-
mimetic N-Ex as a new cancer therapeutic agent and drug delivery
nanoplatform.

Previous studies demonstrate that immune cell-derived exosomes
have a potent role in cancer therapy (25). In line with these studies,
we found that exosomes from neutrophils also showed high cyto-
toxicity to tumor cells but not normal cells and significantly re-
stricted tumor growth in BALB/c nude mice. Recently, Wang et al.
(26) reported that neutrophil-exosomes carrying the drug could
rapidly penetrate the blood-brain barrier and migrate into the brain
(26). Intravenous injection of DOX loaded neutrophil-exosomes
efficiently suppressed tumor growth and prolonged survival time
in a glioma mouse model. We found that most N-Ex localized in
the liver and few N-Ex accumulated at the tumor site after intra-
venous injection. Therefore, we improved the targeting ability of
N-Ex to increase their use for cancer therapy. SPIONs have been widely
used in cancer therapy for their excellent superparamagnetism
property (27, 28). The conjugation of SPIONs with exosomes has
many advantages, including magnetic targeted functionalization, mag-
netic thermotherapy, and delivery of anticancer agents. Zhuang et al.
(29) showed that SPION-loaded exosomes enhanced cancer targeting
and significantly suppressed tumor growth when an external MF
was applied. Previous studies demonstrate that iron oxide nanoparti-
cle-modified EVs can be rapidly separated from the cell culture medi-
um and blood, which significantly enhances the antitumor efficacy
of the loaded drug in mouse tumor models (30, 31). We anchored
the carboxylated modified SPIONs onto N-Ex via Tf-TfR interac-
tion, as described previously (31, 32). The isolation of SPION-Ex
from neutrophil supernatant under an external MF (1 T) was faster
than the ultracentrifugation method. The purified SPION-Ex was
immediately redispersed in PBS and showed an excellent stability for 7
days. Moreover, SPION-Ex under the external MF (SPION-Ex/
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MF) displayed a higher accumulation at the tumor site after in-
travenous injection and exerted a stronger targeted therapy effect
than the unmodified ones. In addition, SPION-Ex/MF exerted a com-
parable antitumor activity to the commonly used chemotherapeutic
drug 5-FU but showed no toxic effect to normal organs such as loss
of body weight and impaired liver, kidney, and heart functions,
suggesting that we have developed a dual-functional exosome-based
SPION cluster as a targeted and safe agent for cancer therapy (33, 34).

Bioinspired exosome-mimetic NVs have been developed to de-
liver chemotherapeutic drugs for cancer therapy (35). For instance,
Jang et al. (17) have generated high quantities of exosome-mimetic
NV from monocytes/macrophages that have similar characteristics
with exosomes but have 100-fold higher production yield. Chemo-
therapeutic drug-loaded NV traffics to tumor site and reduces tumor
growth more efficiently than free drug and liposome formulation,
while showing low adverse effects, suggesting that the bioengineered
NV can serve as a novel exosome mimetic for anticancer drug delivery
(36, 37). Similarly, Yong et al. (38) have developed tumor cell-
derived EV-mimetic porous silicon nanoparticles (PSiNPs) for tar-
geted cancer therapy. These EV-based DOX-loaded PSiNPs mainly
accumulated in the tumor site and exhibited enhanced antitumor
activities in multiple cancer models. The use of neutrophils as a living
cell drug delivery system and neutrophil cell membrane-coated
nanoparticles as a biomimetic drug delivery system have been
tested as new strategies for many diseases, including cancer (39-41).
Xue et al. (42) demonstrated that neutrophils carrying paclitaxel
could overcome the blood-brain barrier and inhibited the recurrence
of glioma after surgical tumor resection. Here, we produced N-Ex-
like NVs and used them as nanocarriers for chemotherapeutic drugs.
Zhang et al. (30) have developed magnetic and folate-modified
microvesicles (FA/IONP-MVs) and loaded them with DOX to gen-
erate the FA/IONP-MVs-DOX delivery platform, which was rapidly
isolated from the supernatant and exhibited significantly enhanced
antitumor efficacy both in vitro and in vivo. Inspired by this strategy,
we engineered NNV-DOX with SPION to form a magnetic drug
delivery system. Our results showed that SPION-NNV-DOX under
an external MF has enhanced targeting ability to tumor site after
systemic administration. The SPION-NNV-DOX/MF greatly sup-
pressed tumor growth and significantly prolonged the survival of
BALB/c nude mice and NCG mice, suggesting that magnetism-
modified NNV provides efficient drug delivery and dual tumor-
targeting response.

In conclusion, we reported here that neutrophils exerted an
antitumor effect via exosomes. N-Ex promoted tumor cell death by
activating the apoptosis signaling pathway. Taking advantage of the
superparamagnetic nanoparticles, we isolated exosomes from the
neutrophil supernatant rapidly and endowed them with high tumor-
targeting capability, which significantly enhanced their antitumor
activity. We also developed a DOX-loaded, SPION-modified, N-Ex-
like NV system that specifically targeted the tumor site and exerted
dual antitumor effects (Fig. 7]). Together, the engineered N-Ex and
exosome-like NVs provide a powerful cancer therapeutic agent and
an efficient and safe drug delivery nanoplatform for cancer therapy.

MATERIALS AND METHODS

Experimental reagents

Carboxyl group-functionalized SPION and DOX-CL were pur-
chased from Xi’an Ruixi Biological Technology (China). A mini
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extruder and polycarbonate membrane filters with different pore sizes
were also bought from Xi’an Ruixi Biological Technology. 5-FU was
obtained from Sigma-Aldrich (USA). CCK-8, DiR, 4',6-diamidino-
2-phenylindole (DAPI), and annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) cell apoptosis kit were purchased from
Vazyme (China). BCA protein assay kit and mitochondrial mem-
brane potential kit (JC-1) were obtained from Thermo Fisher Scien-
tific (USA). Cell culture media, fetal bovine serum (FBS), and
1% penicillin/streptomycin were purchased from HyClone (USA).
TUNEL staining kit was obtained from Roche (Germany).

Cell culture

Cells were cultured in Dulbecco’s modified Eagle’s medium and
RPMI 1640 supplemented with 10% of FBS at 37°C in a humidified
atmosphere containing 5% CO,. Human gastric mucosal cells (GES-1),
HUVEC, HFL, human gastric cancer cells (HGC27), human hepa-
toma cells (HepG2) and human colon cancer cells (SW480) were
purchased from the Institute of Biochemistry and Cell Biology at the
Chinese Academy of Sciences (China).

Isolation and characterization of exosomes

Neutrophils were isolated from the peripheral blood by using poly-
morphprep. The cells were cultured in RPMI 1640 supplemented
with 10% of FBS (exosome-depleted) at 37°C, and the CM was
collected for 24 hours. Then, the CM was centrifuged at 500¢ for
10 min, 2000g for 10 min, and 12,000¢ for 30 min to remove cells
and cell debris. The supernatants were pelleted by ultracentrifuga-
tion at 100,000g for 80 min. N-Ex were dissolved with PBS and
stored at —80°C until use. Protein concentration was determined by
the BCA protein assay kit.

The morphology of N-Ex was identified by TEM (Philips,
Netherlands) and AFM (Veeco DM3100, USA). Exosomal markers
CD9, CD63, CD81 [1:1000; Cell Signaling Technology (CST), USA],
and Alix (1:1000; Abcam, UK) and the ER marker calnexin (1:1000;
Abcam, UK) were detected by Western blot. The size distribution
and zeta potential of N-Ex were measured by the NanoSight LM10
system (NTA, UK). The PDI of N-Ex was tested by DLS (Malvern
Instruments, UK).

Cellular uptake assay

Cells were seeded in 12-well plates (2 x 10° cells per well) and incu-
bated for 12 hours. The membrane fluorescent dye DiR (5 uM) was
cocultured with N-Ex or SPION-Ex for 30 min at 37°C, and the
mixed samples were washed twice with PBS and centrifuged at
100,000¢ for 80 min. DiR-labeled N-Ex (40 png/ml) or SPION-Ex
(40 pg/ml) was added into the culture medium of tumor cells. Then,
cells were fixed with 4% of paraformaldehyde for 30 min and per-
meabilized in 0.2% of Triton X-100 for 5 min. The cell nuclei were
stained by DAPI for 10 min. Cellular uptake of N-Ex or SPION-Ex
was examined with multidimensional panoramic flow cytometry
(Flow Sight, USA) and fluorescence confocal laser microscopy
(GE, USA).

Cell viability assay

The cytotoxicity of N-Ex against tumor cells (HGC27, SW480, and
HepG2) and normal cells (GES-1, HUVEC, and HFL) was evaluated
by CCK-8 assay. Cells were seeded in 96-well plates (3 x 10° cells
per well) and allowed to attach overnight at 37°C. Various concen-
trations of N-Ex (20, 40, and 80 ug/ml) were added into the culture
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plates for 12, 24, 36, and 48 hours. The culture media of different
groups were discarded, and CCK-8 solution was added into 96-well
plates for 4 hours. Absorbance of each well was measured at 450 nm
by using an enzyme-linked immunosorbent plate assay reader
(FLX800, USA). For comparative study, the cell viability of tumor
cells was evaluated by CCK-8 assay after different treatments, in-
cluding N-Ex (40 pg/ml), PBMCs-Ex (40 pg/ml), SPION (100 pug/ml),
5-FU (30 pg/ml), SPION-Ex (40 pg/ml) with or without MF, DOX-
CL (45 pg/ml), NNV (40 pg/ml), SPION-NNV (40 pg/ml) with or
without MF, and SPION-NNV-DOX (40 pg/ml) with or without MF.

Cell apoptosis assay

The effects of N-Ex on cell apoptosis were assessed by using the
annexin V-FITC/PI cell apoptosis kit. Tumor cells and normal cells
(2 x 10 cells per well) were seeded in six-well plates and treated with
N-CM, N-Ex (40 pg/ml), SPION (100 pug/ml), 5-FU (30 ug/ml), and
SPION-Ex (40 pg/ml) with or without MF for 24 hours. After treat-
ment, the cells were washed twice with cold PBS, centrifuged at
800 rpm for 5 min, and resuspended in 1x binding buffer. Cells were
stained with 5 pl of annexin V-FITC and 5 ul of PI at room tem-
perature. The stained cells were then analyzed by flow cytometry
(FACSCalibur, BD).

Colony formation assay

Tumor cells and normal cells (800 cells per well) were seeded in six-
well plates and allowed to attach overnight. Subsequently, the cells
were treated with N-CM, N-Ex (40 ug/ml), SPION (100 pg/ml),
5-FU (30 ng/ml), N-Ex (40 pg/ml), and SPION-Ex (40 pg/ml) with
or without MF for 24 hours and replaced with a new culture medium
every 3 days. Last, the cells were fixed in 4% of paraformaldehyde
and stained with 0.5% of crystal violet. The number of cell colony
was calculated under a microscope (TE300, Japan).

Western blot

Total protein from cells and tumor tissues was obtained by using
radioimmunoprecipitation assay lysis buffer containing protease
inhibitor cocktail. Equal amounts of proteins from each group were
separated by SDS-polyacrylamide gel electrophoresis and then trans-
ferred onto polyvinylidene difluoride membranes. After blocking
with 5% of nonfat milk for 1 hour, the membranes were incubated with
primary antibodies at 4°C overnight. The used antibodies included
CD9, CD63, CD81, Alix, calnexin, FasL, granzyme A, granzyme B,
perforin (1:500; CST, USA), cleaved caspase-3, cleaved caspase-7,
cleaved caspase-9, cleaved PARP (1:1000; SAB, USA), cytochrome ¢
(1:1000; Bioworld, USA), TfR (1:1000; CST, USA), CXCR4, ICAM-1,
B1 integrin (1:1000; Abcam), L-selection (1:500; R&D Systems), and
B-actin (1:2000; Abcam, USA). Horseradish peroxidase-conjugated
goat anti-rabbit and goat anti-mouse antibodies (SAB, USA) were
used to detect the bound primary antibodies. The signals were de-
tected by the enhanced chemiluminescence reagent and analyzed
by Image] software.

Detection of mitochondrial membrane potential

The mitochondrial membrane potential of tumor cells (HGC27,
SW480, and HepG2) was examined by JC-1 probe. Cells were seeded
in six-well plates (1 x 10° cells per well) and incubated with N-Ex
(40 pg/ml), SPION (100 pg/ml), 5-FU (30 pg/ml), SPION-Ex
(40 pg/ml) with or without MF, DOX-CL (45 pg/ml), NNV (40 pug/ml),
SPION-NNV (40 pg/ml) with or without MF, and SPION-NNV-DOX

100f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

(40 pug/ml) with or without MF for 24 hours. Then, cells were loaded
with JC-1 (1 mg/liter) for 20 min at 37°C. After washing with cold
PBS, the fluorescence intensity of each group was analyzed by fluo-
rescence confocal laser microscopy (GE, USA).

Antitumor efficacy in xenograft tumor models

All animal studies were performed by using 4- to 6-week-old female
BALB/c nude mice and NCG mice (Model Animal Center of Nanjing
University, China). HGC27 cells (3 x 10° cells per mouse) were sub-
cutaneously injected into the flanks of BALB/c nude mice (n = 5 per
group). Tumor volume and weight were assessed every 4 days, and
tumor volumes were calculated as V = 0.5 x a x b%, where V rep-
resents the volume, a represents the longitudinal diameter, and
b represents the latitudinal diameter. The mice were divided into
different groups randomly when the tumor sizes reached ~50 mm?.
N-Ex was intravenously or intratumorally (5 mg/kg of body weight;
100 pl) injected into BALB/c nude mice. To evaluate the antitumor
efficacy of SPION-Ex in vivo, the BALB/c nude mice were intrave-
nously injected with PBS, SPION (2 mg/kg of body weight; 100 pl),
5-FU (5 mg/kg of body weight; 100 ul), N-Ex, SPION-Ex (5 mg/kg
of body weight; 100 pl), and SPION-Ex/MF (5 mg/kg of body weight;
100 pl) under an external MF (MF = 1 T). For drug delivery study,
PBS, DOX-CL (5 mg/kg of body weight; 100 ul), NNV (5 mg/kg of
body weight; 100 pl), SPION-NNV-DOX (5 mg/kg of body weight;
100 pl), and SPION-NNV-DOX/MF (5 mg/kg of body weight; 100 ul)
under an external MF were injected into BALB/c nude mice by tail
vein and treated every 4 days. In another set of experiments, NCG
mice (n = 7 per group) were subcutaneously transplanted with 4 x 10°
SW480 cells per mouse. NCG mice were treated with intravenous
injection of PBS, DOX-CL (5 mg/kg of body weight; 100 pl),
SPION-Ex (5 mg/kg of body weight; 100 pl) with or without MF,
SPION-NNV (5 mg/kg of body weight; 100 ul) with or without
MF, and SPION-NNV-DOX (5 mg/kg of body weight; 100 ul) with
or without MF. The body weights and survival periods of each
group were monitored during treatment. Mouse tissue samples
(heart, liver, spleen, lungs, kidneys, and tumor) were collected and
cut into 8-um histology slices using a cryostat, and each section was
dyed with DAPIL. The distribution of fluorescent signals of N-Ex,
SPION-Ex, and SPION-NNV-DOX in the major organs and tumors
were detected by confocal laser microscopy. The protocol was
approved by the Animal Use and Care Committee of Jiangsu
University (2014280).

In vivo biodistribution and magnetic targeting of SPION-Ex
SPION-modified exosomes were labeled with DiR in pH 7.4
buffer solution, according to the manufacturer’s instructions. The
DiR-labeled SPION-Ex was washed three times with cold PBS, sep-
arated magnetically from the culture supernatant, and redispersed
into PBS. HGC27 cells (3 x 10° cells per mouse) were subcutaneously
injected into the flanks of the BALB/c nude mice (n = 4 per group).
When the tumor volume reached ~50 mm?, the mice were injected
with DiR-labeled SPION-Ex, and an external MF was placed over
the surface of the tumor using Steri-Strip tape. The biodistribution
of DiR-labeled SPION-Ex under the external MF in tumor was re-
corded by an IVIS imaging system (IVIS 100, USA) at 12, 24, 48, and
72 hours after injection. The fluorescence imaging results and average
radio intensities were recorded. At the end of study, the tumors
were collected and cut into 5-mm histology slices, dyed with DAPI,
and visualized by fluorescence confocal laser microscopy.
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Immunohistochemistry

All the mice were euthanized at 3 days after the last injection. For
immunohistochemical analyses, all the tumor tissues were embedded
in paraffin and dissected into 4-um sections. To assess the prolifer-
ation of tumor cells, tissue sections were incubated with primary
monoclonal antibody against Ki-67 (1:200; CST, USA) overnight after
blocking with goat serum for 1 hour. Then, tissue sections were
incubated with horseradish peroxidase-conjugated secondary
antibodies using a diaminobenzidine substrate kit (Dako, Glostrup,
Denmark). The histology of tumor tissues was examined under an
optical microscope (DP73; Tokyo, Japan).

TUNEL staining

Tumor sections were fixed in 4% of paraformaldehyde for 20 min
and washed with cold PBS for 30 min. Then, the tumor slices were
stained with TUNEL reaction mixture (50 ul) for 60 min at 37°C
after washing with PBS. Last, the cell nuclei were stained with DAPI
and visualized by fluorescence confocal laser microscopy.

Safety evaluation

The major organs of BALB/c nude mice and NCG mice were col-
lected at 3 days after the last injection. For histological studies, all
the tissue sections of the heart, liver, spleen, lung, kidney, and tumor
were fixed with 10% of neutral buffered formalin. Then, paraffin-
embedded continuous sections (4 um) were stained with H&E to
examine the pathological changes. All the images of tissue sections
were observed by an inverted fluorescence microscope (CX41,
Olympus, Japan). In addition, the blood samples of BALB/c nude
mice were collected after treatment with different formulations. The
quantities of liver function indexes (ALT and AST), renal function
index (BUN and CREA), and myocardial zymogram (CK, CK-MB,
LDH, and o-HBDH) in serum were determined by using an auto-
matic serum chemical analyzer (AU5800, Beckman).

Magnetic separation and redispersion of SPION-Ex

The N-CM was centrifuged and filtered through a 0.22-pm filter
membrane to remove dead cells and cell debris. For magnetic sepa-
ration, 2 ml of N-CM was mixed with 100 ul of Tf-SPION solution
(0.5 mg/ml; containing ~0.1 mg of SPION) and incubated for 4 hours
at 4°C to allow the SPION to anchor onto exosomes via Tf-T1R in-
teraction. Then Tf-SPION-labeled exosomes were separated from
N-CM by an external magnet. SPION-Ex was obtained after dis-
carding the culture medium and washed three times with PBS. Last,
Tf-SPION-labeled exosomes were resuspended in PBS and stored
at 4°C before use. To assess the stability of SPION-Ex, SPION-Ex
was redispersed in PBS buffer and serum for different times. The
hydrodynamic diameters of SPION-Ex in PBS buffer and serum
were evaluated by DLS (Malvern Instruments, UK). The mea-
surements of the two groups were done in triplicate, and the results
were averaged.

Characterization of SPION-Ex

SPION-Ex was redispersed in 200 ul of PBS for 10 min, and the con-
centration of SPION-Ex was examined by using a micro BCA protein
assay kit. The morphology of SPION-Ex was imaged by TEM. The
particle size and zeta potential of SPION-Ex were measured by
NanoSight LM10 system. The PDI of SPION-Ex was detected by DLS
(Malvern Instruments, UK). The exosomal markers CD9, CD63,
CD81 (1:1000; CST, USA), and Alix (1:1000; Abcam, UK), the ER
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marker calnexin (1:1000; Abcam, UK), and TfR (1:1000; CST, USA)
of the magnetic separation mixture were assayed by Western blot.
All samples were measured in triplicate.

In vitro uptake of DOX by neutrophils

Liposome-loaded DOX (DOX-CL) was purchased from Xi’an Ruixi
Biological Technology. The entrapment efficiency of DOX-CL was
15%. The particle size and zeta potential of DOX-CL were measured
by DLS (Malvern Instruments, UK). Neutrophils (1 x 10° cells/ml)
isolated from human peripheral blood were incubated with DOX-CL
at a DOX concentration of 50 ug/ml. The uptake of DOX-CL
(red fluorescence) by neutrophils was examined by multidimensional
panoramic flow cytometry (Flow Sight, USA).

Preparation and characterization of SPION-NNV-DOX
Neutrophils were resuspended in PBS at a concentration of
5 x 10° cells/ml. The cell suspension was sequentially extruded
11 times through 1-um, 400-nm, and 200-nm polycarbonate mem-
brane filters by using a mini extruder (Avanti Polar Lipids, USA).
To enrich NNVs, the extruded samples were ultracentrifuged at
100,000¢ for 80 min at 4°C. Then, the purified NNVs were dissolved
with PBS and stored at —80°C until use.

Neutrophils were incubated with DOX-CL, and the NNV-DOX
was obtained as described above. The amount of DOX released from
NNV-DOX was detected by HPLC. The SPION-modified NNV-DOX
was prepared and separated from the mixture by magnetic separa-
tion and stored at 4°C for further experiments. The particle size,
zeta potential, and PDI of NNV and NNV-DOX were tested by DLS
(Malvern Instruments, UK). Exosomal biomarkers CD9, CD63,
CD81 (1:1000; CST, USA), and Alix (1:1000; Abcam, UK), the ER
marker calnexin (1:1000; Abcam, UK), and TfR (1:1000; CST, USA)
were detected by Western blot. The morphologies of DOX-CL, NNV,
and NNV-DOX were observed by TEM.

Statistical analysis

All experiments were performed at least in triplicate of each group,
and the statistical analyses were carried out by GraphPad Prism
Software (version 7). The results were presented as mean values +
SD. One-way analysis of variance (ANOVA) and two-way ANOVA
for multiple groups as well as Student’s ¢ test for two groups were
applied for statistical analysis. Survival time was analyzed by the
Kaplan-Meier method and log-rank test. P < 0.05 was considered
statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj8207

View/request a protocol for this paper from Bio-protocol.
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