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Background: Prostate cancer is the most common and solid malignancy among male tumors worldwide. Converting tumor-
associated macrophages (TAMs) into anti-tumor M1 macrophages holds a promising potential for cancer treatment. Therefore,
this study investigated whether M1 macrophage-derived exosomes affect prostate cancer progression by inducing TAM repro-
gramming into M1-like macrophages.
Methods: LPS-induced RAW264.7 cells were polarized intoM1-type macrophages. Exosomes isolated from theM1macrophages
(M1-exos) were observed using transmission electron microscopy (TEM), tracked by nanoparticle tracking analysis (NTA), and
identified through western blot analysis. After this, M1-exos were co-cultured with human prostate cancer (PC-3) cells and
interleukin-4 (IL-4)-induced M2-like macrophages. The effects of M1-exos on prostate cancer progression and TAM polariza-
tion were evaluated using cell counting kit-8 (CCK-8), 5-ethynyl-2′-deoxyuridine (EdU), flow cytometry, Transwell, and wound
healing assays. Furthermore, to analyze the impact of M1-exos on prostate cancer progression by inducing TAM polarization,
in vivo xenograft tumor models were constructed, followed by H&E staining, immunohistochemistry, and TdT-mediated dUTP
nick end labeling (TUNEL) assays.
Results: We successfully polarized immatureM0macrophages into anM1phenotype usingRAW264.7 cells and obtainedM1-exos
from these cells. Moreover, findings from both in vivo and in vitro experiments unveiled that M1-exos inhibited the proliferation
(p< 0.05), invasion (p< 0.05), and migration of prostate cancer cells (p< 0.05). Additionally, M1-exos promoted apoptosis (p<
0.05) and induced the polarization of TAM into M1-type macrophages.
Conclusion: M1-exos induced the polarization of TAM into the M1 phenotype with anti-tumor potential, thereby suppressing
prostate cancer growth and metastasis. Therefore, M1-exos hold promising potential for treating prostate cancer.

Keywords: prostate cancer; exosomes; macrophage polarization; tumor growth and metastasis

Introduction

Prostate cancer (PC) is a common and solid malig-
nancy among men worldwide, posing a serious threat to
human health and life. PC ranks second among male ma-
lignant tumors in terms of incidence [1]. Over the past
decades, its incidence and mortality rates have been grad-
ually increased [2]. Current data demonstrate that approx-
imately 1.1 million new cases of PC are diagnosed annu-
ally worldwide, with a significant case fatality rate of about
12.46%, severely affecting the physical and mental health
of men [3]. Although existing treatment approaches for
localized PC, including radical prostatectomy, chemother-
apy, radiotherapy, immunotherapy, and androgen depriva-
tion therapy (ADT), can extend patient survival, they re-
main unsatisfactory [4]. Therefore, gaining a comprehen-
sive understanding of the specific pathogenesis of PC is
really important to explore novel treatment methods in its
clinical management.

Tumor cells reside in both the internal and exter-
nal tumor environment, affecting tumor occurrence and
metastasis. The composition of the tumor tissue envi-
ronment includes crucial components such as the struc-
ture, function, and metabolism of tumor tissues. Further-
more, this environment encompasses tumor cells, tumor-
associated macrophages (TAMs), tumor-associated fibrob-
lasts, mast cells, immune cells, and active mediators [5,6].
Specifically, TAMs are a group of inflammatory cells ex-
tensively infiltrating within the tumor microenvironment
(TME) [7]. Under the influence of the microenvironment,
both in vivo and in vitro, macrophages usually undergo po-
larization into two phenotypes, the anti-tumor M1 and the
oncogenicM2macrophages, both contributing to tumor ini-
tiation and progression. Research has indicated that M2
macrophages play a pivotal role in promoting tumor metas-
tasis. Furthermore, the cytokine interleukin-10 (IL-10), se-
creted by M2 macrophages, exerts anti-inflammatory and
tissue-repairing effects, restraining the immune response
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within the TME and impairing the functions of NK cells
and cytotoxic T lymphocytes, thereby assisting tumor cells
in evading the immune system [8].

Additionally, M1 macrophages exert anti-tumor ef-
fects by secreting pro-inflammatory cytokines that antag-
onize the action of M2 macrophages within the TME [9].
Specifically, M1 macrophage polarization has been re-
ported to exert anti-tumor effects in PC [10,11]. However,
the precise mechanism regulating macrophage polarization
in PC is yet to be elucidated.

Exosomes are a subtype of membrane-bound vesicles
with diameters between 40 and 200 nm. They have been
extensively studied due to their involvement in intracellu-
lar communication, particularly in tumor development [12].
Exosomes comprise various biologically active molecules,
including miRNAs, non-coding RNAs, proteins, and lipids.
These exosomal contents can be absorbed by recipient cells
through autocrine and paracrine signaling pathways, lead-
ing to functional changes in target cells and playing es-
sential roles in diverse cellular processes [13,14]. Cur-
rently, research on the regulation of macrophage polariza-
tion by exosomes primarily focuses on exosomes derived
from mesenchymal stem cell, tumor cell, or their contents
that regulate macrophage polarization in cancer progres-
sion. However, there is a scarcity of research investigating
the role of exosomes derived frommacrophages themselves
in regulating their polarization. Interestingly, recent find-
ings have found that M1 macrophage-secreted exosomes
can reprogram M2 macrophages to M1, thereby inhibiting
tumor progression [15]. Therefore, we proposed that M1
exosomes might serve as a new therapeutic approach for
treating PC by regulating macrophage polarization.

This study aimed to investigate the impact of M1
macrophage-secreted exosomes on the reprogramming of
TAMs into the M1 phenotype and to explore the effects of
this reprogramming on the growth, invasion, and metastasis
of PC by constructing both in vitro and in vivo models.

Methodology and Materials

Cell Culture and Treatment
We obtained a murine macrophage cell line

(RAW264.7) from Sunncell (Wuhan, China) and a
PC cell line (PC-3) from Procell Life Science & Tech-
nology Co., Ltd. (Wuhan, China). These cells were
cultured in dulbecco’s modification of eagle’s medium
(DMEM, D0822, Sigma-Aldrich, St. Louis, MO, USA)
medium containing 10% fetal bovine serum (TMS126,
Sigma-Aldrich, St. Louis, MO, USA), and incubated at 37
°C in a humidified atmosphere with 5% CO2.

RAW264.7 Polarization Induction
Polarization of RAW264.7 cells (immature M0

macrophages) into the M1 phenotype was induced follow-
ing a previously described method [16]. For this pur-

pose, RAW264.7 cells were cultured until reaching approxi-
mately 80% confluence. Subsequently, the cells underwent
a 24-hour exposure to 100 ng/mL LPS (Sigma-Aldrich,
St. Louis, MO, USA) and 20 ng/mL interferon (IFN)-γ
(Sigma-Aldrich, St. Louis, MO, USA). Furthermore, for
induction of M2-polarized macrophage, RAW264.7 cells
were treatedwith 20 ng/mL IL-4 (Sigma-Aldrich, St. Louis,
MO, USA).

PC-3 Treatment
PC-3 cells in the logarithmic growth phase were di-

gested with 0.1% trypsin, followed by staining with trypan
blue for cell counting. A cell suspension was prepared at a
density of 1.0 × 107 cells/mL for injection into nude mice.
The cells underwent STR profiling and were tested negative
for contamination using mycoplasma testing. All manipu-
lations were conducted using aseptic techniques to maintain
cell purity and prevent contamination.

Extracellular Vesicle Extraction and Isolation
After the successful induction of M1 macrophages,

the culture medium was replaced with DMEM without
exosome-free serum, and cells were cultured in a flask for
48 hours. The cells and culture medium were then col-
lected, and extracellular vesicles were isolated and sepa-
rated using an Exo extraction kit (Thermo Fisher Scientific,
Waltham, MA, USA) following the manufacturer’s instruc-
tions. The extracellular vesicles were deposited onto a cop-
per grid, the supernatant was removed after precipitation,
and uranyl acetate was added. After air-drying at room
temperature, the morphology of the extracellular vesicles
was examined utilizing TEM (JEM-1400Flash, Japan Elec-
tronics Corporation, Tokyo, Japan). Finally, a nanoparti-
cle tracking analyzer (ZetaView, Particle Metrix, Shanghai,
China) was employed to analyze the concentration and size
of the extracellular vesicles.

Establishment of in Vivo Prostate Cancer Tumor
Model

BALB/C mice (n = 16), aged 6–8 weeks and weigh-
ing 25 g, were purchased from Hunan Srek Jingdong Co.,
Ltd. They were acclimatized for one week and subse-
quently received a subcutaneous injection. PC-3 cells in
the logarithmic growth phase from each group were pre-
pared as a cell suspension at a density of 1 × 107 cells/mL
in DMEM medium. Each mouse was injected subcuta-
neously with 0.2 mL of the cell suspension in the left fore-
limb. Tumor formation was observed on the 7th day af-
ter modeling. The mice were randomly divided into two
groups: the Model group and the M1-exos group. Start-
ing one week after tumor inoculation, the M1-exos group
of mice was intravenously administered extracellular vesi-
cles (100 µg in 150 µL phosphate buffered saline (PBS,
P2272, Sigma-Aldrich, St. Louis, MO, USA) every 3 days,
and the control group mice received an equivalent volume
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of PBS. A vernier caliper was used to measure the length
and width of each tumor on days 3, 5, 7, 9, 11, 13, 15,
17, 19, and 21 after tumor inoculation. The tumor vol-
ume was calculated using the following formula: tumor
volume = (length [mm])2 × (height [mm]) × π/6. A tu-
mor growth curve was plotted. After 2 weeks of oral ad-
ministration, mice were euthanized with 3% pentobarbi-
tal sodium (200 mg/kg, 1012365C, Thermo Fisher Scien-
tific, Waltham, MA, USA) to ensure complete removal of
the tumor in a cold environment. Subsequently, surface
fat tissue was excised, and tumors were weighed. The tu-
mors were then sectioned into appropriate sizes, fixed with
paraformaldehyde (10015264C, Thermo Fisher Scientific,
Waltham, MA, USA), and subjected to hematoxylin and
eosin (H&E) staining and immunohistochemistry analysis.

H&E Staining
Tumor tissues isolated from different groups of mice

were individually fixed in paraformaldehyde for 24 hours
and embedded in paraffin. Tissue sections were deparaf-
finizedwith xylene for 10minutes, followed by dehydration
using decreasing ethanol concentrations and rinsing with
distilled water. After this, tissues were stained with hema-
toxylin for 7 minutes and eosin for 2 minutes. After de-
hydration with increasing ethanol concentrations, the tissue
was mounted with resin. Finally, the stained tissue sections
were observed using an optical microscope (V1.8.0.112,
NIH, Madison, WI, USA).

Immunohistochemistry (IHC)
Tissue specimens obtained from different tumor

groups were fixed in paraformaldehyde for 24 hours and
subsequently embedded in paraffin and sectioned. They
were deparaffinized using xylene and ethanol, followed
by rinsing with PBS. The sections were then blocked for
30 minutes in goat serum working solution and incubated
overnight with the primary antibody against Ki67 (1:1000,
A20018, Abclonal, Wuhan, China) at 4 °C. After this, the
sections were incubated with secondary antibodies at 37 °C
for 40 minutes. The tissue sections were counterstained
with 3,3-diaminobenzidine (DAB) and hematoxylin. Fi-
nally, the sections were dehydrated, cleared, and mounted
for observation.

Enzyme-Linked Immunosorbent Assay (ELISA)
The levels of tumor necrosis factor-α (TNF-α,

RM17776, Abclonal, Wuhan, China), IL-6 (RK00004, Ab-
clonal, Wuhan, China), and IL-1β (RK00001, Abclonal,
Wuhan, China) in the cell supernatant were assessed fol-
lowing the instructions provided with respective kits. The
optical density (OD) of each well was determined at 450
nm by an ELISA plate reader. Moreover, the cellular levels
of tumor necrosis factor-α (TNF-α), IL-6, and IL-1β were
determined based on a standard curve.

Cell Proliferation Assay
Cellular viability was assessed using cell counting

kit-8 (CCK-8) assay. After the indicated treatment, PC-3
cells were seeded into 96-well plates at a density of 2 ×
103 cells/100 µL. Following incubation, 20 µL of CCK-8
reagent was added to each well at 12, 24, and 48 hours and
underwent an additional one-hour incubation in the dark.
The viability of each group of PC-3 cells was examined
by assessing the absorbance at 450 nm using a microplate
reader.

5-ethynyl-2′-deoxyuridine (EdU) Assay
PC-3 cells were seeded onto 96-well plates, subse-

quently fixed, and permeabilized. After this, the cells were
treated with EdU (50 µM) (Sigma-Aldrich, St. Louis,
MO, USA) and then incubated with 4′,6-diamidino-2-
phenylindole (DAPI, 3 µg/mL) (Sigma-Aldrich, St. Louis,
MO, USA). Finally, the cells were observed using a fluo-
rescence microscope (DM3000, Leica, Wetzlar, Germany).

Immunofluorescence Staining
After the indicated treatment, PC-3 cells were col-

lected andwashed three times with PBS, subsequently fixed
with 4% paraformaldehyde at room temperature for 15min-
utes. After this, cells were incubated with 1% Triton X-
100 for 10 minutes, followed by blocking in 1% bovine
serum albumin. The cells were then incubated overnight
with primary antibodies against improved neds operating
system (iNOS, 1:200, ab178945, Abcam, Cambridge, UK),
Agr1 (1:100, ab96183, Abcam, Cambridge, UK), PKH-67
(1:100, ab276727, Abcam, Cambridge, UK) at 4 °C. Af-
ter washing three times with PBS, the cells underwent in-
cubation with Alexa Fluor 488-goat anti-mouse IgG sec-
ondary antibody (1:500, Life Technologies, New York, NY,
USA). Following Phalloidin (1:1000, ab176753, Abcam,
Cambridge, UK) staining, cells were washed with PBS, and
nuclei were stained with DAPI. Finally, the cells were ob-
served utilizing a Nikon A1R confocal microscope (DM6B,
Leica, Wetzlar, Germany).

Transwell Assay
PC-3 cells from each experimental group were seeded

into the upper chamber of Matrigel-coated Transwell in-
serts. Meanwhile, the lower chamber was filled with
600 µL of DMEM containing 10% FBS. After 24 hours
of incubation at 37 °C, cells were washed with PBS.
Those cells remaining on the upper side were fixed with
4% paraformaldehyde, stained with 0.1% crystal violet
dye (10511230, Thermo Fisher Scientific, Waltham, MA,
USA), and washed with tap water for 30 seconds to 1
minute. Furthermore, after mounting with neutral resin,
the membranes were observed employing an inverted mi-
croscope (Olympus, Tokyo, Japan). Image J software
(V1.8.0.112, NIH, Madison, WI, USA) was used to assess
the number of invasive cells.
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Scratch Assay
PC-3 cells from each experimental group were seeded

at a density of 5 × 105 cells/well into 6-well plates and in-
cubated overnight at 37 °C. The wells were marked with a
marker pen to create evenly spaced lines crossing the en-
tire well, maintaining intervals of approximately 0.5–1 cm,
with at least 5 lines per well. Upon achieving a cell con-
fluence of 80%, a 200 µL pipette tip was used to create a
straight scratch on the bottom. After washing three times
with PBS, each well was added with a serum-free medium.
The scratches were observed utilizing a microscope (Olym-
pus, Tokyo, Japan) at 0 and 24 hours, and quantified using
Image J software (V1.8.0.112, NIH, Madison, WI, USA).

Flow Cytometry Apoptosis Analysis
The cells from each group were centrifuged at 1000

rpm for 5 minutes. Subsequently, the cells were resus-
pended in 100 µL of binding buffer, followed by adding
5 µL of Annexin V-FITC and an equal amount of pro-
pidium iodide (PI). For assessing macrophage polariza-
tion, the cells were incubated with fluorescently labeled
antibodies against specific polarization markers, includ-
ing recombinant tetraspanin 30 cluster of differentiation
86 (CD86, ab239075, Abcam, Cambridge, UK), F4/80
(ab237335, Abcam, Cambridge, UK), CD163 (ab182422,
Abcam, Cambridge, UK), CD14 (ab28061, Abcam, Cam-
bridge, UK) for M1 macrophages and PKH-67 (ab276727,
Abcam, Cambridge, UK). After incubation, apoptotic cells
were detected using a flow cytometer. The parameters were
set as follows: temperature 4 °C, speed 1000 rpm, centrifu-
gation 5 minutes.

TdT-Mediated dUTP Nick End Labeling (TUNEL)
Assay

Following treatment with the TUNEL detection solu-
tion, the slides were rinsed with PBS and then incubated
with 4′,6-diamidino-2-phenylindole (DAPI) staining solu-
tion for 5 minutes at room temperature in the dark. DAPI is
a fluorescent dye commonly used for DNA labeling, facil-
itating the visualization of nuclei. After DAPI staining, the
slides were rinsed with PBS and mounted on glass cover-
slips. The fluorescence signals of both TUNEL and DAPI
were observed and captured using a fluorescence micro-
scope (DM3000, Leica, Wetzlar, Germany).

Western Blotting
After total protein extraction, proteins were quanti-

fied using a BCA kit. The protein samples were resolved
through SDS-PAGE and were subsequently transferred
onto a PVDF membrane. The membrane was blocked with
TBET containing 5% skim milk, followed by four washes
with TBST, and then incubated with antibodies against
CD63 (1:500, ab2862515, Abclonal, Wuhan, China), tumor
susceptibility gene 101 (TSG101, 1:500, ab2863517, Ab-
clonal, Wuhan, China), and Alix (1:1000, ab2862515, Ab-

clonal, Wuhan, China) at 4 °C. The next day, the membrane
was incubated with secondary antibodies at room tempera-
ture for 1 hour. After washing, protein bands were visual-
ized utilizing an ECL reagent. Finally, these bands were an-
alyzed and quantified using Image J software (V1.8.0.112,
NIH, Madison, WI, USA).

Statistical Analysis
Data analyses were conducted using GraphPad Prism

9 (Dotmatics, Boston, MA, USA) software. Normally dis-
tributed data were presented in quantitative graphs as mean
± SD. Differences between the two groups were deter-
mined through an independent sample t-test. Moreover,
multiple group comparisons were performed using a one-
way analysis of variance (ANOVA). Furthermore, SPSS 22
(IBM, Corp., Armonk, NY, USA) was employed for multi-
ple post-hoc comparisons. Statistical significance was de-
fined at a p-value < 0.05.

Result

Identification of M1 Exos and their Uptake by PC-3
Cells

For the induction of macrophage polarization to M1,
immature macrophages (M0 RAW 264.7) were treated with
LPS for 24 hours to induce M1 RAW 264.7 (Fig. 1A).
Compared to M0 cell models, M1 cell models showed a
significant accumulation of TNF-α, IL-1β, and IL-6 (p <

0.05; Fig. 1B), indicating successful polarization ofM0 into
M1 phenotype. Subsequently, M1 exosomes were obtained
through centrifugation. Transmission electron microscopy
results showed that M1 exosomes exhibited a classical cup-
shaped vesicle morphology (Fig. 1C). Based on nanoparti-
cle tracking analysis (NTA) data, the peak particle size of
M1-Exos ranged from 90 to 220 nm, with amaximum count
of 1.38× 105 particles/mL. The volume distribution ofM1-
Exos was predominantly concentrated between 100 and 400
nm, indicating a concentrated and uniform size distribu-
tion of the extracted M1-Exos (Fig. 1D). Protein imprinting
demonstrated significantly elevated expression levels of ex-
osomal marker proteins TSG101 (p < 0.05) and Alix (p <

0.05; Fig. 1E) in M1-Exos. However, there was no statisti-
cal difference in CD63 levels (p > 0.05). Furthermore, co-
culturing M1-Exos with PC-3 cells revealed that PC-3 cells
could uptake M1-Exos (Fig. 1F,G). These findings suggest
the successful isolation of M1-Exos and the efficient inter-
nalization of M1-Exos by PC-3 cells.

M1-Exos Inhibit Prostate Cancer Cell Growth and
Metastasis

Next, we examined the role of M1-Exos in PC-3 cell
growth and metastasis. The CCK-8 assay revealed that M1-
Exos significantly inhibited PC-3 proliferation (p < 0.05;
Fig. 2A). Similarly, EdU assay results showed a significant
reduction in the proliferation of PC-3 cells in the M1-Exos
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Fig. 1. Isolation and identification of M1 exos and their uptake by PC-3 cells. (A) Flow cytometry distinguished M0 RAW 264.7
and M1 RAW 264.7 cells. (B) ELISA detected expression of TNF-α, IL-1β, and IL-6 in cell supernatant. (C) Transmission electron
microscopy observed exosomes. (D) NTA analysis of exosome diameter and concentration. (E) Western blot analysis detected the
expression of exosome marker proteins CD63, TSG101, and Alix. (F) The expression of PKH-67 was determined using flow cytometry.
(G) Immunofluorescence traced the uptake of M1-Exos by PC-3 cells. ∗ p < 0.05. PC, prostate cancer; TNF-α, tumor necrosis factor-
α; IL, interleukin; NTA, nanoparticle tracking analysis; DAPI, 4′,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent
assay.
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Fig. 2. M1-Exo inhibits prostate cancer cell growth and metastasis. (A) CCK-8 assay detected the proliferation of PC-3 cells. (B)
EdU detected the proliferation of PC-3 cells. (C) Flow cytometry was used to evaluate apoptosis of PC-3 cells. (D) Transwell assay was
utilized to assess the invasion capability of PC-3 cells. (E) The wound healing experiment was used to evaluate the migration capability
of PC-3 cells. n = 3. ∗ p < 0.05. CCK-8, cell counting kit-8; EdU, 5-ethynyl-2′-deoxyuridine.
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Fig. 3. M1-Exo promotes polarization of TAMs intoM1-like macrophages. (A) Immunofluorescence detected expression of iNOS in
PC-3 cells. (B) Immunofluorescence detected expression of Arg1 in PC-3 cells. n = 3. ∗ p< 0.05. TAMs, tumor-associatedmacrophages;
iNOS, inducible nitric oxide synthase; Arg1, arginase-1.

group (p < 0.05; Fig. 2B). Moreover, M1-Exos signifi-
cantly promoted apoptosis in PC-3 cells (p< 0.05; Fig. 2C).
Additionally, the Transwell assay indicated that compared
to the control group, the M1-Exos group exhibited a signif-
icant reduction in the number of invasive PC-3 cells (p <

0.05; Fig. 2D). Furthermore, M1-Exos treatment decreased

the healing rate of cell wounds 24 hours after scratching (p
< 0.05; Fig. 2E). These findings demonstrate the inhibitory
effect of M1-Exos on the growth and metastasis of PC-3
cells.
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Fig. 4. M1-Exos inhibit prostate cancer cell growth in vivo. (A,B) Establishment of BALB/C mice carrying PC-3 cells to evaluate the
effect of M1 exos on tumor volume and weight of PC-3 cells. (C) H&E staining was used to evaluate glandular tissue pathology. n = 3.
∗ p < 0.05. H&E, hematoxylin and eosin.
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Fig. 5. M1-Exo promotes polarization of TAMs into M1-like macrophages, inhibiting the proliferation of prostate cancer cells
and promoting cell apoptosis. (A) IHC detected expression levels of Ki67 in tumor tissue. (B) TUNEL detected apoptosis of cancer
cells in tumor tissue. (C) Flow cytometry evaluated polarization of M1 and M1-like macrophages. n = 3. ∗ p < 0.05. IHC, immunohis-
tochemistry; TUNEL, TdT-mediated dUTP nick end labeling.
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M1-Exo Promotes the Reprogramming of TAMs into
M1-Phenotype

It is widely recognized that M2-like TAMs can be
stimulated, thereby accelerating tumor growth by pro-
ducing an immunosuppressive TME [17]. To assess the
role of M1-Exos on polarization of TAMs, M2 polarized
macrophages were induced by treating RAW 264.7 cells
with IL-4 to analyze changes in the expression of M1
and M2 markers. As expected, compared to the con-
trol group, macrophages treated with M1-Exos exhibited
increased levels of the M1 macrophage marker iNOS (p
< 0.05; Fig. 3A). On the contrary, macrophages treated
with M1-Exos showed downregulation in the expression of
the M2 macrophage marker Arg-1 (Fig. 3B). These find-
ings are consistent with previous research, demonstrating
that M1-Exos contain active components derived from M1
macrophages, enabling them to induce phenotypic switch-
ing in macrophages towards the M1 phenotype, developing
a local immunostimulatory microenvironment [18]. These
experimental results show that M1-Exos promote TAMs to-
wards M1-like macrophages, which could benefit cancer
therapy by reversing immune suppression within the TME.

M1-Exos Inhibit Prostate Cancer Cell Growth in Vivo
To validate the tumor-suppressive efficacy of M1-

Exos in vivo, animal models were established by inject-
ing BALB/C mice bearing PC-3 cells with either PBS or
M1-Exos. The tumor volume (p < 0.05) and weight (p
< 0.05) were significantly reduced in the M1-Exos-treated
mice compared to those in the control group (Fig. 4A,B),
indicating a substantial inhibitory effect of M1-Exos on tu-
mor growth. Furthermore, H&E staining results showed
that glandular tissue in the Model group exhibited irregular
contours, structural disorders, and significantly increased
cell nucleus size, whereas these abnormalities were signifi-
cantly reversed after M1-Exos treatment (Fig. 4C). These
results demonstrate the inhibitory effects of M1-Exos on
prostate cancer growth in vivo.

M1-Exos Promote TAMs to Polarize towards
M1-Like Macrophages, Inhibit Prostate Cancer Cell
Proliferation and Promote Cell Apoptosis

We further investigated the effect of M1-Exos on the
growth of PC-3 cells in vivo. Immunohistochemical anal-
ysis showed substantially alleviated expression level of the
proliferation marker Ki67 following M1-Exos treatment (p
< 0.05; Fig. 5A). Additionally, TUNEL staining revealed
a significant increase in PC-3 cell apoptosis after M1-Exos
treatment (p < 0.05; Fig. 5B). Importantly, we observed
an increase in M1-like macrophages and a decrease in M2-
like macrophages following M1-Exos treatment (Fig. 5C).
These findings indicate that M1-Exos promote TAM polar-
ization towards M1-like macrophages, thereby leading to
the inhibition of PC cells growth.

Discussion

PC has become the second most destructive tumor af-
fecting male health following lung cancer [19]. TAMs are
the essential components within the TME and are associ-
ated with the progression of PC [20]. However, the un-
derlying mechanisms and targeted treatment strategies for
TAMs in PC remain unclear. This study reports that ex-
osomes secreted by M1 macrophages induce TAM repro-
gramming into M1-like macrophages, significantly inhibit-
ing the growth, invasion, andmetastasis of PC. These obser-
vations provide new insights into the clinical management
of PC.

Macrophages, essential components of the immune
system, are a functionally heterogeneous and highly plas-
tic cell population, representing the most abundant inflam-
matory cells infiltrating the TME [21]. Increasing ev-
idence suggests the crucial role of M1/M2 polarization
in macrophages in driving the malignant progression of
PC. For example, enhancer of zeste homolog 2 (EZH2)
has been indicated to reverse the resistance of PC to PD-
1 CPI by increasing the intratumoral transport of acti-
vated CD8 T cells, concomitantly increasing M1 tumor-
associated macrophages [22]. Additionally, platinum group
elements have been shown to inhibit M1 polarization stim-
ulated by LPS and interferon-γ while promoting M2a po-
larization mediated by interleukin-4, thereby exerting anti-
inflammatory and anti-tumor effects [6]. In most cases,
the reprogramming of macrophages from M2 to M1 within
the TME is an important strategy for cancer treatment
[23]. This study successfully isolated exosomes from M1
macrophages and investigated whether M1 macrophages
can influence the TAM reprogramming in the progression
of PC through the secretion of these exosomes.

Exosomes, small vesicles secreted by cancer cells
and different other cell types, enter surrounding bioflu-
ids [24]. They play a crucial role in mediating intercel-
lular communication within the TME, particularly involv-
ing TAMs during cancer progression. For example, MSC-
derived exosomes have been indicated to enhance drug
resistance in breast cancer by triggering the differentia-
tion of immature monocytes into immunosuppressive M2-
polarized macrophages [25]. Similarly, exosomal miRNA-
203 derived from PC cells has been shown to promote M1
macrophage polarization while inhibiting PC cell prolifera-
tion, migration, and invasion, thereby suppressing PC pro-
gression [10].

This study elucidates the inhibitory effects of M1
macrophage-derived exosomes on the proliferation, inva-
sion, and metastasis of PC cells in vitro. Moreover, ex-
osomes derived from M1 macrophages significantly re-
duced PC cell growth in vivo. Importantly, this inhibi-
tion of PC progression is attributed to M1-exos-induced
macrophage reprogramming. These findings were consis-
tent with previous studies indicating that exosomes derived
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fromM1 macrophages promote M1 polarization and repro-
gram TAMs into M1-like macrophages by targeting IL4R,
ultimately inhibiting tumor growth [15].

In summary, exosomes derived fromM1macrophages
can promote TAMs to polarize into M1-like macrophages,
effectively inhibiting the growth, invasion, and metasta-
sis of PC cells, thereby exerting a suppressive role in the
progression of PC. Our study not only enhances our un-
derstanding of the regulatory function of macrophages in
their polarization but also elucidates the complex interac-
tions within the innate immune microenvironment. How-
ever, the specific mechanisms need further investigation. In
the future, we aim to investigate whether additional mecha-
nisms involving macrophage exosomes in the treatment of
cancer are linked to relevant signaling pathways and gene
regulation.

Conclusion

M1-exos induced the polarization of TAM towards the
M1 phenotype with anti-tumor potential, effectively sup-
pressing prostate cancer growth and metastasis. Therefore,
M1-exos have the potential for treating prostate cancer.
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