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ABSTRACT

Gemcitabine (GEM) is one of the first choice drugs for treating bladder cancer. In this study, we loaded M1
macrophage-derived exosomes (M1-Exo) with GEM by ultrasonication technique to derive an M1-Exo-GEM
drug delivery system, and then explored its effects on bladder cancer.

After inducing M1 polarization of macrophages in vitro, ultracentrifugation was performed to obtain M1-Exo,
followed by construction of M1-Exo-GEM via ultrasonication technique. Mouse bladder cancer MB49 cells were
chosen for study. CCK-8, Pl staining and flow cytometry (FCM) assays were employed to assess the cell viability
and apoptosis level. Inflammatory cytokines were detected by ELISA, while the protein expressions of Bcl-2, Bax
and Caspase-3 were examined through Western-Blotting. After injecting M1-Exo-GEM into the tumor-bearing
mouse model, the pathological changes were observed by H&E staining, the cancer cell damage was detected
by TUNEL staining, and the apoptosis pathway activation was analyzed through immunohistochemical (IHC)
staining and protein expression assays for Caspase-3 and Bax.

Our results showed that M1-Exo and GEM had cytotoxic effects on MB49 cells, which increased the apoptosis
level and the inflammatory cytokine expressions. Compared to M1-Exo and GEM, M1-Exo-GEM was
significantly more cytotoxic to MB49 cells while markedly up-regulating the expressions of inflammatory
cytokines. In the tumor-bearing mouse model, M1-Exo-GEM significantly inhibited tumor growth and damaged
tumor cells, which outperformed GEM. Meanwhile, it also increased the tissue levels of inflammatory
cytokines.

This study finds that the drug delivery system composed of M1-Exo and GEM can act synergistically with GEM
to exert cytotoxicity and induce inflammatory damage of bladder cancer cells.

INTRODUCTION

Bladder cancer, as a common malignancy, currently has
low sensitivity to radiotherapy and chemotherapy,
which is characterized by strong invasiveness, as well
as easy recurrence and metastasis. Gemcitabine (GEM)
is a broad-spectrum antineoplastic agent that plays an
important role currently as one of the major infusion
chemotherapy drugs for bladder cancer in clinical
practice [1]. In the cancer research, nano-scale drug
carriers have gradually become the focus of treatment,
which can deliver hydrophobic drugs, prolong the

efficacy time and enhance the potency [2]. Liposomes,
micelles, vesicles, etc. are all good -carriers for
delivering drugs [3]. As a hydrophobic drug, GEM has
limited pharmacological availability, and its intravesical
perfusion yields short efficacy duration and insufficient
sustainability, which have become the treatment
bottlenecks at present [4].

Macrophages are a kind of non-specific immune cells
in the human body, which induce polarization through
microenvironmental changes and produce specific
functions, and their phenotypes represent the two
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extremes of their functional state [5]. Polarized
macrophages can be roughly classified into two types:
the classically activated M1 macrophages (pro-
inflammatory macrophages) and the alternatively
activated M2  macrophages (anti-inflammatory
macrophages) [6]. The former highly expresses IL-12,
NO and reactive oxygen species (ROS), which
can dissolve tumor cells, and then produce
immunostimulatory factors by presenting tumor-
associated antigens to T cells, thereby promoting the
proliferation of T and NK cells to enhance their anti-
tumor effects [7]. The exosomes derived from M1
macrophages also have anti-tumor effects, which can
thus be used synergistically with antineoplastics [8]. In
this regard, this study uses the M1 macrophage-
derived exosomes (M1-Exo) to construct a drug
delivery system of GEM for bladder cancer.

MATERIALS AND METHODS

Construction and characterization of M1-Exo-GEM
system

Mouse mononuclear macrophages RAW264.7 (Procell
Biotechnology, Wuhan, China) were thawed and
cultured in a complete medium at 37° C and saturated
humidity with 5% CO,. Then, logarithmic phase cells
were seeded onto 6-well plates at 10%well and
adaptively cultured for 24 h, followed by induction of
M1 polarization. RAW264.7 cells were treated with
200 ng/ml PMA (Sigma, USA) for 6 h, and then added
with 1 pg/ml LPS (Sigma, USA) and 20 ng/ml IFN-y
(Sigma, USA) for induction and cultivation for 48 h [9].
The macrophages were divided into MO and M1 groups.
FCM was employed to determine the proportion of M1
cells (F4/80+CD86+), while ELISA kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) was
utilized to examine the levels of M1 marker cytokines
TNF-a, IL-1B and IL-6. After successful induction of
M1 macrophages, the medium was replaced with
complete Exo serum-free DMEM (Gibco, USA), and the
cell cultivation was accomplished in a flask for 48 h.
Afterwards, the cells and medium were collected, and
Exos were isolated through ultracentrifugation as per the
instructions of an exosome extraction kit (SBI, USA).
The Exos from M1 macrophages were defined as M1-
Exo.

For construction of M1-Exo-GEM, we adopted the
ultrasonication technique [10]. M1-Exos solution with a
1 mg/mL protein concentration was prepared, added
with GEM and then ultrasonicated in 6 cycles of 30 s
each time at a 20 W power. After each cycle, the M1-
Exo-GEM system was placed on ice for 2 min of rest.
Following ultrasonication, the M1-Exo-GEM system
was incubated at 37° C for 60 min, and the Exo

membranes were restored. Centrifugation was performed
at 10,000 g to remove excess GEM, and M1-Exo-GEM
was enriched.

Dynamic light scattering (DLS) determination of M1-
Exo-GEM particle size

Each 0.5 mL of M1-Exo-GEM mother solution was
diluted and mixed well in 4.5 mL of ultrapure water.
After passing through a 0.22 um filter, particle size was
determined with a Nano-ZS90 Zetasizer (Malvern, UK),
followed by recording and report generation.

Nanoparticle tracing analysis (NTA) of Exo particle
size distribution

The M1-Exo-GEM mother solution was diluted to 10
mL with water at a ratio of 1:7500, and then injected
into the Zetasizer by setting parameters. Particle size
distribution was analyzed, followed by recording and
report generation.

Morphological analysis of M1-Exo-GEM

The M1-Exo-GEM was diluted with Exo-free PBS,
resuspended and mixed well. Then, 20 pL was taken,
Exos were dropped onto copper grids, and 1 min later,
the samples were blotted with filter paper. One min
after dropwise addition of 1% uranyl acetate, the
samples were blotted with filter paper, dried under an
incandescent lamp, and morphologically observed with
a transmission electron microscope (TEM), followed by
imaging and recording. Western-Blot was performed to
assess the expressions of Exo marker proteins CD63,
CD81 and ALIX [11].

HPLC determination of GEM loading capacity

HPLC conditions: Agilent 1260-G7115A HPLC
system (Agilent, USA): 1260 pump and G7115A DAD
detector; column: Ultimate XB-C18 column (4.6 mm x
250 mm, 5 pm); mobile phase: acetonitrile: 0.1%
formic acid (50:40, v/v); column temperature: 30° C;
flow rate: 1.0 mL/min; detection wavelength: 312 nm;
and injection volume: 20 pL.

Standard curve

GEM solutions with concentrations of 1, 5, 10, 20, 40
and 50 pg/mL were separately prepared, and their peak
areas were measured at 312 nm by HPLC, followed by
plotting of a standard curve.

Drug loading capacity

An appropriate amount of the prepared M1-Exo-GEM
solution was centrifuged at 15,000 rpm for 15 min.
Although the M1-Exo-GEM did not precipitate, the free
GEM crystals precipitated. The supernatant was
collected and demulsified with the mobile phase,
followed by HPLC measurement of peak area at 312
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nm. Finally, the GEM loading capacity was calculated
based on its standard curve.

Stability
For stability investigation, we placed the PTX-M1-
Exos system separately at 4° C and room temperature,
and examined the changes in particle size daily
for 7 d.

Effects of M1-Exo-GEM on MB49 cells

Mouse bladder cancer MB49 cells were placed in
complete RPMI-1640 medium containing 10% fetal
bovine serum (FBS), 100 IU/mL penicillin and 100
IU/mL streptomycin, and routinely cultured in a sterile
incubator maintained at 37° C with 5% CO,. The
medium was replaced regularly, and the cells were
passaged until 80-90% confluence. The passaged cells
were then further cultured routinely. When the
confluence reached 80-90% again, the cells were
collected or tested. The experimental cells must be in
the logarithmic phase. We divided the cells into the
Control, GEM, M1-Exo and M1-Exo-GEM groups.
The Control group was not added with drug or Exos.
The GEM group consisted of cells treated with 7.5
ug/ml GEM; the M1-Exo group comprised 40 pg/ml
(protein content) M1-Exo-treated cells; and the M1-
Exo-GEM group comprised cells treated with 7.5
pg/ml GEM and 40 pg/ml M1-Exo.

CCK-8 assay

MBA49 cells were seeded onto 96-well plates, with three
replicate wells per group, and cultured in a 37° C, 5%
COg; incubator. Cell viability was assayed separately at
12 h, 24 h and 48h. After replacing the medium with
serum-free one, 10 pl of CCK-8 reagent (Beyotime
Biotechnology, Shanghai, China) was added for
staining, and then the incubation continued for an
additional 4 h, followed by measurement of 450 nm
absorbance with a microplate reader. Cell viability was
calculated against blank medium, and the results were
presented in %.

FCM

MBA49 cells were seeded onto 6-well plates, treated with
GEM and M1-Exo-GEM for 24 h, and then the
suspended cells were collected. The adherent cells were
digested with 0.25% trypsin, washed 2—3 times in PBS,
and centrifuged at 2,000 rpm for 10 min. Next, the cells
were collected, resuspended in pre-cooled PBS,
centrifuged again, and then resuspended in binding
buffer and stained with 5 ul of Annexin V-FITC (BD
Biosciences, USA) in the dark for 15 min. Thereafter,
the cells were stained with 5 ul of PI (BD Biosciences,
USA) for 5 min, adjusted to a 500-ul volume and
analyzed by FCM.

Enzyme-linked immunosorbent assay (ELISA)

For assessment of inflammatory cytokine expressions,
the MB49 cells were seeded onto 12-well plates,
and treated with GEM and M1-Exo-GEM for 24 h.
Then, the medium was collected, and centrifuged at
10,000 g to remove suspended cells and debris.
Finally, the supernatant was collected for assaying
the expressions of inflammatory cytokines (mainly IL-
1B, TNF-a and IL-6) as per the instructions of ELISA
kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The results were presented in terms
of ng/ml.

Immunofluorescent (IFC) staining

MB49 cells were seeded onto the coverslips, treated
with GEM and M1-Exo-GEM for 24 h, fixed in 4%
formaldehyde at room temperature for 0.5 h,
permeabilized with 0.2% Triton X-100 for 5 min, and
then examined for the expressions of Caspase-3 and
Bax. The next step was overnight incubation at 4° C
with TBNT dilution of monoclonal antibody (Abcam,
USA). Afterwards, the cells were washed twice with
PBS, incubated with fluorescent secondary antibody,
and then mounted with 95% glycerol and observed
under a fluorescence microscope.

P1 staining

MB49 cells were seeded onto 12-well plates, and
treated with GEM and M1-Exo-GEM for 24 h. After
discarding the medium, the cells were washed twice
with PBS, and then stained with 1 pg/ml PI reagent
(Beyotime Biotechnology, Shanghai, China) for 30 min,
followed by twice washing with PBS. Positive cells
were indicated by red fluorescence.

Western blotting

For expression level determination of apoptosis-related
proteins Caspase-3, Bcl-2, Bax, cells were treated with
GEM and M1-Exo-GEM for 24 h, lysed on ice with 1.0
ml of RIPA lysate (Beyotime Biotechnology, Shanghai,
China) for 30 min, and then centrifuged at 10,000 g for
15 min, followed by collection of supernatant for
protein  quantification. Next, SDS-PAGE gel
electrophoresis was performed at 80V-120 V, and
membranes were transferred at a constant 300 mA for
0.5-2 h. The PVDF membranes were blocked with 5%
skimmed milk powder for 2 h, and incubated overnight
at 4° C with Caspase-3, Bcl-2 and Bax monoclonal
primary antibodies (1:500 dilutions with TBST), and
then with horseradish peroxidase (HRP)-labeled goat
anti-rabbit secondary antibody (1:2000 dilution; Abcam,
USA). Afterwards, chemiluminescent immunoassay
was performed, and the optical density (OD) was
analyzed via Image Pro-Plus 6.0 software. The results
were expressed as OD comparisons between the target
proteins and the internal reference (GAPDH).
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PKH-67 labeling of cellular uptake of Exos

Cells were seeded onto the slides, and after adherence,
PKH-67 (1:100 dilution; Abcam, USA) was dropped
onto the slides. After completion of incubation, the
slides were washed 3 times with PBS, added with anti-
fluorescence quenching agent, and then observed and
photographed under a fluorescence microscope.

M1-Exo-GEM intervention in tumor-bearing mice

The present animal experimentation was in line with the
ethical norms. Animal breeding and experiments
conformed to the relevant animal welfare regulations,
and the experimental protocol was reviewed and
approved by the Ethics Committee of Jiaxing
University.

To investigate the anti-tumor effect in vivo, the MB49
tumor-bearing mouse model was given tail vein
injection. Healthy 5-6-weeks-old female BalB/c mice
weighing about 20 g were inoculated subcutaneously
with 1x106 MB49 cells per mouse at the right anterior
armpit, and the tumor volume was measured at 3-d
intervals. Tumor volume (mm?3®) = abcn/6, where a
denotes the longest tumor diameter, b denotes the
shortest tumor diameter, and c is the tumor spherical
height. After the tumor volume reached 50-100 mmd,
the tumor-bearing mice were randomized into 4 groups
(n= 10), namely Control, GEM, M1-Exo and M1-Exo-
GEM. Tail vein injection was given such that the GEM
dose in the GEM and M1-Exo-GEM groups was 5
mg/kg. The initial administration was recorded as day 0,
and the administration was given once every 3 days for
a total of 4 times. Attention was paid to observing the
state of each mouse. Their body weights were weighed
every 3 days, the tumor volumes were measured, and
the tumor growth curves were drawn. After the
treatment cycle, the mice were sacrificed by cervical
dislocation, and then the solid tumors were harvested
and stored at -80° C for subsequent use.

H&E staining

The tumors were embedded in paraffin and sectioned.
The tissue sections were baked at 45° C for 2 h, and
then treated with gradient concentrations of xylene and
ethanol. After washing with water, the tissue sections
were stained with hematoxylin for 10 min, washed with
tap water and then treated with 1% hydrochloric acid
ethanol. Following dehydration of ethanol, the tissue
sections were stained with eosin solution, dehydrated,
permeabilized, and then mounted with neutral gum and
observed under a light microscope.

TUNEL staining
The tissues were pretreated by the same procedure as
H&E staining. Then, the sections were incubated in an

incubator with proteinase K for 30 min. After washing
with PBS, lysis buffer was added to break the cell
membranes. The TdT and dUTP in TUNEL staining kit
were mixed at a 1:9 ratio, and dropped onto the
sections. The incubation continued for an additional 2 h,
which was followed by nuclear counterstaining. Finally,
the counts of TUNEL-positive cells were observed
microscopically.

Immunohistochemical (IHC) staining

The tumor tissues were fixed with 4% paraformaldehyde,
embedded in paraffin and sectioned. The tissue
sections were soaked in 1:50 acetone solution for 3
min and then dried, followed by treatment with xylene
and absolute ethanol. Next, antigen retrieval was
performed at 92-98° C in 0.01 mol/L citrate buffer.
The next step was treatment with 3% hydrogen
peroxide for 10-15min to remove endogenous
peroxidase activity, and a subsequent blocking with
5% BSA at 37° C for 15-30 min. Afterwards, the
tissue sections were incubated with YAP and TAZ
monoclonal antibodies (Abcam, USA) at 37° C for 1-2
h, and then with HRP-labeled avidin at 37° C for 20
min, followed by staining with
DAB reagent for 3-5 min. Finally, the tissue sections
were counterstained with hematoxylin, dehydrated,
permeabilized, and then mounted in resin.

PKH-67 IFC staining
Exos were labeled with PKH-67, whose level of
enrichment in tumor cells was detected.

Western blotting

The tumor tissues were ground with liquid nitrogen, and
lysed with 1.0 ml of RIPA buffer to extract the proteins,
followed by detection of Caspase-3, Bcl-2 and Bax in
cells as per the Western blotting procedure.

Statistical methods

SPSS 17.0 was used for statistical analysis and
processing, and all measurement data were presented as
(X +s) . After homogeneity test of variances, the two

independent samples t-test was employed to perform
analysis between two sets of data, while the one-way
ANOVA was used between three and more sets of data.
The subsequent pairwise comparison between groups
was made by LSD method. All the foregoing tests were
two-sided, and the differences were considered
statistically significant when P< 0.05.

Data availability statement
The data that support the findings of this study are

available from the corresponding author upon reasonable
request.
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RESULTS
Construction and characterization of M1-Exo-GEM

We examined the induction of M1 macrophages and
found that LPS and IFN-y could successfully induce the
polarization of MO-RAW 264.7 to M1 phenotype.
Meanwhile, the levels of M1 cell markers TNF-a, IL-6
and IL-1P were significantly elevated (Figure 1A-1D).
This suggests successful induction of M1 macrophages.
M1-Exo-GEM retained the Exo morphology after GEM
was complicated by ultrasonication, which looked like a
circular pie (Figure 1E). Besides, the particle size of
Exos was around 100 nm, which conformed to the
morphological characteristics of Exos (Figure 1F).
Detection of Exo markers revealed that CDG63,
CD81 and ALIX were up-regulated in M1-Exo-GEM
(Figure 1G).
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During the GEM loading characterization, we found
that 1 mg of M1-Exo-GEM contained 15 pg of GEM.
The particle size of M1-Exo-GEM changed little within
1 week of measurement regardless of whether the
temperature was 4° C or 37° C, implying that M1-Exo-
GEM could exist stably within that 1 week period.
Accordingly, it can be inferred that M1-Exo-GEM can
exist stably during the biological circulation process,
which will not release GEM prematurely due to carrier
rupture (Figure 1H).

Effect and mechanism of M1-Exo-GEM on MB49
cytotoxicity

FCM found that M1-Exo or GEM alone had prominent
toxicity to MB49 cells, showing significantly higher
apoptosis rates than the Control group, while M1-Exo-
GEM was significantly more cytotoxic than M1-Exo
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Figure 1. Construction and characterization of M1-Exo-GEM. (A) After induction, MO macrophages were successfully polarized into
M1 phenotype. (B-D) Expressions of M1 macrophage markers TNF-a, IL-6 and IL-1B were significantly up-regulated, which were higher than
those in MO macrophages, showing significant inter-group differences, **P<0.05. (E-G) M1-Exo-GEM had a circular pie appearance, with a
particle size of around 100 nm. Meanwhile, the up-regulated expressions of marker proteins indicated that the Exos were morphologically
intact, which conformed to relevant characteristics. (H) Investigation of Exo stability revealed insignificant changes in particle size of M1-Exo-

GEM at 4° C and 37° C within 1 week of measurement.
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and GEM (Figure 2A, 2B). Cell viability assay also
demonstrated that M1-Exo-GEM could reduce cell
viability, which outperformed M1-Exo and GEM
(Figure 2C). In the inflammatory cytokine detection,
M1-Exo and GEM could promote the expressions of
TNF-0, IL-6 and IL-1pB, as manifested by significantly
higher levels than those in the Control group, while the
inflammatory cytokine levels in M1-Exo-GEM group
were higher than those in the M1-Exo and GEM groups
(Figure 2D-2F).

Effect of M1-Exo-GEM on MB49 apoptosis pathway

Our IFC staining assay revealed that the Caspase-3 and
Bax were negatively expressed in Control, while M1-
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Exo and GEM could promote the expressions of
Caspase-3 and Bax, as manifested by significantly
higher fluorescence intensity than that of Control. In
M1-Exo-GEM group, these expressions were further up-
regulated, with higher fluorescence intensity than that of
M1-Exo and GEM (Figure 3A, 3B). We used PKH-67 to
trace and label Exos, and found cellular enrichment of
M1-Exo-GEM after 0.5 h, and an excellent Exo uptake
capacity of MB49 cells (Figure 3C). PI staining also
revealed that M1-Exo and GEM could promote
apoptosis, as manifested by significantly higher number
of positive cells than that of Control, while M1-Exo-
GEM could further promote apoptosis (Figure 4A).
According to protein assay results, GEM and M1-Exo
also enhanced the expressions of Caspase-3 and Bax and
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Figure 2. Cytotoxicity of M1-Exo-GEM against MB49. (A, B) FCM found that M1-Exo and GEM could induce apoptosis, and M1-Exo-
GEM could further increase the apoptosis rate significantly than M1-Exo and GEM, **P<0.05. (C) Cell viability assay revealed that M1-Exo and
GEM could inhibit cell viability in a time-dependent manner. In M1-Exo-GEM group, the cell viability was further reduced, which was lower
than that in M1-Exo and GEM groups, *P<0.05 vs. Control group. (D—F) In the inflammatory cytokine detection, M1-Exo and GEM could
promote the expressions of TNF-a, IL-6 and IL-1[, as manifested by significantly higher levels than those in the Control group, while the M1-
Exo-GEM group exhibited higher levels of inflammatory cytokines than those in the M1-Exo and GEM groups. *P<0.05 vs. Control group.
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inhibited the Bcl-2 expression, suggesting their pro-
apoptosis effect. M1-Exo-GEM could further promote
the apoptosis signal activation (Figure 4B, 4C).

Effect of M1-Exo-GEM on tumor-bearing mice

In mouse model, we found that M1-Exo and GEM could
inhibit the tumor growth. In the tumor growth curves,
the tumor volumes of M1-Exo and GEM groups were
lower than the Control group over time. M1-Exo-GEM
could further inhibit the tumor growth, where the tumor
volume was lower than the M1-Exo and GEM groups
(Figure 5A, 5B). H&E staining demonstrated that the
tumor tissues in the Control group had no obvious cell
damage or inflammation or edema. Contrastively,
evident inflammation and edema occurred in M1-Exo
and GEM groups, showing significant differences from

M1-Exo Control

GEM

M1-Exo-GEM

M1-Exo-GEM

the Control group. The cellular and tissue damages were
further exacerbated in the M1-Exo-GEM group, with
appearance of necrosis-like changes. M1-Exo-GEM
exhibited stronger tumor cytotoxicity than M1-Exo and
GEM (Figure 5C). TUNEL staining also revealed
significantly higher number of TUNEL-positive cells in
the M1-Exo-GEM group than that in the M1-Exo and
GEM groups (Figure 5).

Effect of M1-Exo-GEM on tumor apoptosis in tumor-
bearing mice

We examined the Caspase-3 and Bax expressions in
tumor tissues. After IHC staining, Caspase-3 and Bax
were negatively expressed in the Control group. M1-Exo
and GEM groups exhibited significantly up-regulated
Caspase-3 and Bax expressions, where pathological

Merge

Figure 3. Effect of M1-Exo-GEM on MB49 apoptosis. (A, B) Caspase-3 and Bax were negatively expressed in the Control group, while
M1-Exo and GEM could enhance the Caspase-3 and Bax expressions, as manifested by significantly higher fluorescence intensity than that of
Control. In the M1-Exo-GEM group, these expressions were further up-regulated, with higher fluorescence intensity than that of M1-Exo and
GEM. (C) M1-Exo-GEM could be taken up by MB49 cells, which were PKH-67-positive.

WWWw.aging-us.com

7370

AGING



changes of tissue damage occurred. In the M1-Exo-
GEM group, Caspase-3 and Bax expressions were
significantly up-regulated, showing higher levels than
those in the M1-Exo and GEM groups (Figure 6A).
Further, PKH-67 labeling of Exos found that M1-Exo-
GEM was enriched in the tumor tissues, showing strong
fluorescence staining (Figure 6B).

According to protein assay results, GEM and M1-Exo
enhanced the expressions of Caspase-3 and Bax and
inhibited the Bcl-2expression, suggesting their pro-
apoptosis activities. M1-Exo-GEM could further
promote the apoptosis signal activation (Figure 7A, 7B).
In the inflammatory cytokine detection, the TNF-o, IL-6
and IL-1p were lowly expressed in the Control group.
M1-Exo and GEM enhanced the expressions of these
inflammatory cytokines, whose levels were significantly
higher than the Control group. M1-Exo-GEM could
further elevate the inflammatory cytokine levels (Figure
7C-7E). We examined the heart, liver, lung and kidney
of mice, and found no obvious tissue lesions in other
visceral tissues upon H&E staining, indicating the
indistinct toxicity of M1-Exo-GEM to other organs
(Figure 7F).
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DISCUSSION

Macrophages, as the major cellular components of the
innate immune system, play key roles in inflammation
regulation, phagocytosis, tissue remodeling, metabolism
and proliferation [12]. As is well acknowledged,
nanoparticles are internalized by tumor-associated
macrophages in the tumor microenvironment. However,
the M1 and M2 macrophages, which differ in
phenotype, exert the opposite effects in the body. M1
macrophages can secrete pro-inflammatory cytokines to
inhibit tumor growth [13], while M2 macrophages can
facilitate tumor growth and metastasis [14]. In tumor-
bearing mouse experiments, IFN-y could induce
polarization of resting macrophages toward the pro-
inflammatory and tumor cytotoxic M1 phenotype,
thereby activating anti-tumor immunity and regulating
tumor microenvironment, which exhibited an anti-tumor
effect [15]. Activated M1 macrophages were also
capable of secreting various inflammatory cytokines
(e.g. IL-1B, TNF-y and IL-6) to induce resistance to
intracellular parasites and tumors [16]. Research has
shown that the differential regulation of chemokine
system could integrate polarized macrophages into

GEM

M1-Exo-GEM

159 == Control
M1-Exo
1.0 == GEM
mm M1-Exo-GEM
0.5
0.0-

Bax Bcl-2

Caspase-3

Figure 4. Effect of M1-Exo-GEM on MB49 apoptosis. (A) In Pl staining, M1-Exo and GEM could promote apoptosis, as manifested by
significantly higher number of positive cells than that of Control group, while M1-Exo-GEM could further promote apoptosis. (B, C) According
to protein assay results, Bcl-2 was highly expressed in the Control group, while Caspase-3 and Bax were lowly expressed. GEM and M1-Exo
enhanced the expressions of Caspase-3 and Bax and inhibited the Bcl-2 expression, suggesting their pro-apoptosis effect. M1-Exo-GEM could
further promote the apoptosis signal activation. *P<0.05 vs. Control group.
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pathways that were responsible for tumor resistance,
immunoregulation, as well as tissue repair and
remodeling [17]. Exos have the characteristics of parent
cells, whose roles in intercellular communication and
signal transduction have attracted growing attention
[18, 19]. Wan et al. found that Exos from tumor tissues
could regulate tumor immune response, accelerate
tumor metastasis, and induce development of tumor cell
resistance to chemotherapeutics [20]. Exos isolated
from milk possess an intrinsic anti-tumor activity, while
Exos derived from natural Killer cells have a cytotoxic
effect against melanoma cells in vitro [21, 22]. In Exos
administration experimentation on tumor-bearing mice,
Exos were found to prominently inhibit the tumor
growth in vivo [23]. Additionally, Exos derived from

responses both in vitro and in vivo [24]. Our
experiments used the M1-Exos secreted by IFN-y-
induced M1 macrophages, which showed that M1-Exos
could activate the apoptotic pathways, showing
consistency with the previously reported effect of LPS-
induced Exos derived from macrophages. GEM, which
represents an important class of anti-tumor drugs, plays
a vital role in the treatment of various malignancies.
However, its intravesical perfusion yields short efficacy
duration and great disparity in outcome. In recent years,
Exos, a naturally-derived nanoscale drug carrier, has
been used for delivering multiple chemotherapeutics to
specific tissues and cells in the body, especially
in tumor tissues. Owing to excellent compatibility,
Exos have been extensively studied as a drug carrier,
which can contain water-soluble and fat-soluble drugs

—=— Control
M1-Exo
—— GEM

—— M1-Exo-GEM

dendritic cells could induce anti-tumor immune
1500
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Figure 5. Effect of M1-Exo-GEM on tumor-bearing mice. (A) M1-Exo-GEM could inhibit the tumor growth, as manifested by
significantly lower tumor volume than that in the M1-Exo and GEM groups. *P<0.05 vs. Control group. (B) In H&E staining, obvious
inflammation and edema-like lesions appeared in the M1-Exo and GEM groups, as well as damage of tissues. In the M1-Exo-GEM group,
tissue necrosis occurred, and tumor cells were obviously damaged. (C) In TUNEL staining, no apparently damaged cells were found in the
Control group, which were TUNEL-negative. Obvious cell damage occurred in the M1-Exo and GEM groups. M1-Exo-GEM group exhibited
significantly higher number of TUNEL-positive cells than that in the M1-Exo and GEM groups.
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concurrently [5]. Besides, M1-Exos itself can activate
immune cells to release anti-tumor cytokines, which is
suitable as a carrier for GEM.

In this study, we successfully prepared an M1-Exo-
GEM delivery system. During the entrapment process,
GEM was embedded in the Exos by ultrasonication, and
the Exo membranes were restored to become a drug
carrier. We also further evaluated the surface proteins,
morphology and electric potential concerning M1-Exo-
GEM system. The drug loading process did not
affect the protein abundance of Exos. TEM revealed
that the morphology and structure of Exos remained
basically unchanged after drug loading. Thus, the drug

A Control M1-Exo

ot e
Caspase-3 s

Bax
N W
PBS
M1-Exo-GEM

: ooy,
" 2w ) tiey 3 S
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loading process produced unobvious impact on the
morphology, structure or other properties of Exos. All the
characteristics of Exos were retained after drug loading.

In vitro experimentation demonstrated that compared to
free GEM, the M1-Exo-GEM system exhibited a higher
inhibitory rate against bladder cancer MB49 cells at the
same GEM doses, and the relevant mechanism of action
might be that the phospholipid bilayer of Exos could
directly target fused cells, thereby increasing the
cellular internalization of gemcitabine [25]. FCM also
revealed that M1-Exo-GEM was more cytotoxic than
M1-Exo and GEM. In the mechanism research, we
found that M1-Exo-GEM could promote apoptotic

GEM M1-Exo-GEM

Figure 6. Effect of M1-Exo-GEM on tumor apoptosis in tumor-bearing mice. (A) In IHC staining, Caspase-3 and Bax were negatively
expressed in the Control group. In the M1-Exo and GEM groups, these expressions were significantly up-regulated, where pathological
changes of tissue damage occurred. In the M1-Exo-GEM group, Caspase-3 and Bax expressions were significantly up-regulated, showing
higher levels than those in the M1-Exo and GEM groups. (B) PHK-67 tracing of Exos revealed enrichment of M1-Exo-GEM in tumor tissues,
indicating that tumor tissues could take up Exos.
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signals at a high level, as manifested by significantly
up-regulated expressions of Bax and Caspase-3, while
suppressing the Bcl-2 expression. In the in vivo
experimentation, we established a tumor-bearing mouse
model for investigating the therapeutic effects of M1-
Exo-GEM system through tail vein administration.
Compared to the free GEM group, the mice in the M1-
Exo-GEM group exhibited the smallest tumor volume,
and the tumor volume in the M1-Exos group was also
suppressed. This is attributed to the ability of M1-Exos to
activate M1 polarization of macrophages in vivo, thereby
promoting the inflammatory cytokine release. Proteins
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were extracted from tumor tissues of mice in each group.
The Western Blotting results agreed with the in vitro
experimental findings. GEM itself is a chemotherapeutic
drug, which can activate Caspase-3 to induce apoptosis
of tumor cells. In the M1-Exos group, the Caspase-3
expression was also up-regulated as compared to the
control group. Taken together with in vitro experiments,
M1-Exos can promote the macrophage release of tumor
necrosis factor TNF-a, which binds to the corresponding
receptors of tumor cells to activate the downstream
Caspase-3. Finally, we also verified that M1-Exo-GEM
has no obvious toxicity to normal organs.

== Control
W M1-Exo
== GEM
-

M1-Exo-GEM

Bcl-2

Figure 7. Effect of M1-Exo-GEM on tumor apoptosis in tumor-bearing mice. (A, B) In the protein assay, Bcl-2 was overexpressed
in the Control group, while Caspase-3 and Bax were under expressed. GEM and M1-Exo enhanced the expressions of Caspase-3 and Bax
and inhibited the Bcl-2expression, suggesting their pro-apoptosis activities. M1-Exo-GEM could further promote the apoptosis signal
activation. *P<0.05 vs. Control group. (B—E) In the detection of tissue inflammatory cytokines, the TNF-a, IL-6 and IL-1B were lowly
expressed in the Control group. M1-Exo and GEM enhanced the expressions of these inflammatory cytokines, whose levels were
significantly higher than the Control group. M1-Exo-GEM could further up-regulate the inflammatory cytokine levels. ¥*P<0.05 vs. Control
group. (F) According to the H&E staining results for pathological examination of mouse heart, liver, lung and kidney, M1-Exo-GEM had no
toxic effect on other organs. No obvious pathological changes were observed in the organs or tissues, which were in a normal physiological

state.
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CONCLUSIONS

In this study, GEM, which is widely used in clinical
practice, is used as the model drug. Meanwhile, Exos are
extracted from activated M1 macrophages by classic
ultracentrifugation to serve as the GEM delivery system.
The M1-Exo-GEM is fabricated by ultrasonication
technique to construct a delivery system, where natural
carrier contains chemotherapeutic drug. Our results
show that M1-Exo-GEM can exert tumor cytotoxicity
more efficiently, whose anti-bladder cancer effect is
superior to GEM monotherapy. Its action is associated
with the release of inflammatory cytokines and the
synergistic drug toxicity.
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