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Abstract. Tumour‑associated macrophages (TAMs) compose 
a major component of the tumour microenvironment and 
form in this microenvironment prior to cancer metastasis. 
However, the detailed mechanisms of TAM remodelling in 
the context of bladder cancer have not been clearly defined. 
The present study collected exosomes from the conditioned 
medium of human bladder T24 cancer cells. The effects of 
macrophages treated with exosomes derived from T24 cells 
on bladder cancer cell migration and invasion were analysed 
by Transwell assays. The expression levels of endogenous and 
exosomal microRNA‑21 (miR‑21) were examined by reverse 
transcription‑quantitative PCR, while the expression level 
of the target protein was analysed by western blot analysis. 
Luciferase reporter plasmids and mutants were used to confirm 
direct targeting. The effects of miR‑21 on bladder cancer 
cell migration and invasion were analysed by Transwell and 
Matrigel assays following miR‑21 transfection. It was identi-
fied that exosomes derived from bladder cancer cells polarized 
THP‑1 cell‑derived macrophages into the M2 phenotype, and 
TAM‑mediated pro‑migratory and pro‑invasive activity was 
determined. Moreover, it was found that miR‑21 was highly 
expressed in exosomes derived from bladder cancer cells as 
well as in macrophages treated with exosomes. In addition, 
macrophages transfected with miR‑21 exhibited M2 polariza-
tion and promoted T24 cell migratory and invasive ability. 
Mechanistically, exosomal miR‑21 derived from bladder 
cancer cells inhibited phosphatase and tensin homolog acti-
vation of the PI3K/AKT signalling pathway in macrophages 
and enhanced STAT3 expression to promote M2 phenotypic 
polarization. The present results suggest that exosomal miR‑21 
can promote cancer progression by polarizing TAMs.

Introduction

Bladder cancer is one of the most common types of urinary 
cancer. The incidence of bladder cancer has been steadily 
increasing and there was an estimated 81,190 new bladder 
cancer cases diagnosed in the USA in 2018 (1). Furthermore, 
the risk of recurrence and progression remains high  (2). 
Therefore, there is an urgent need to find stable new biomarkers 
and to identify the mechanisms of bladder cancer progression 
in order to support targeted bladder tumour therapy (3).

Cells can communicate with adjacent cells or distant cells 
by secreting extracellular vesicles (EVs), which exist in a 
variety of sizes ranging between 100 and 1,000 nm in diameter. 
Exosomes are produced in EVs and secreted when the vesicles 
fuse with the cell membrane. Exosomes are carriers with 
diameters of <150 nm and are rich in proteins, lipids, RNA and 
other components (4). As exosomes carry surface molecules, 
they can induce signal transduction through receptor‑ligand 
interactions; alternatively, they can be internalized by endo-
cytosis and/or phagocytosis and can even fuse with target cell 
membranes to deliver their contents into the cytoplasm (5). 
Therefore, exosomes derived from donor cells are capable of 
altering the physiological states of recipient cells. In particular, 
exosomes derived from non‑tumour cells can promote adapta-
tion of disseminated cancer cells to the external environment, 
thereby reflecting the occurrence of the dynamic changes in 
the metastatic microenvironment (6,7).

Macrophages are one of the most abundant types of 
stromal cells found in the tumour microenvironment (TME). 
Macrophages can be induced to exhibit an immunological 
M1 phenotype that inhibits tumours or an M2 phenotype 
that promotes tumour inflammation/immunosuppression (8). 
Tumour‑associated macrophages (TAMs), which are considered 
to be similar to M2 macrophages, promote tumour metastasis 
by enhancing tumour cell motility, promoting angiogenesis 
and degrading the extracellular basal layer (9). In recent years, 
TAMs have been extensively studied and are now considered 
to be important factors in tumour progression (10,11). Several 
methods are used to study macrophages in vitro, among which 
evaluation of primary peripheral blood mononuclear cells and 
assessment of variations in differentiation among monocyte 
lines are the most common methods (12). TAM populations 
are commonly used to mimic the functions of macrophage 
populations because primary tissue‑derived macrophages are 
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difficult to grow and expand in vitro (12,13). Currently, the 
driving force for the differentiation of TAMs remains largely 
unknown, and it is unclear whether tumour‑derived exosomes 
are functionally essential for changes in the TME. The present 
study identified a microenvironmental mechanism that forms 
TAMs through exosome‑mediated communication between 
cancer cells and immune cells.

Materials and methods

Cell culture. The human bladder cancer cell line T24 was a 
gift from the Molecular Tumour and Epigenetic Experiment 
of Chongqing Medical University (Chonqing, China). THP‑1 
human acute monocytic leukaemia cells were kindly provided 
by the Stem Cell Bank, Chinese Academy of Sciences. 
All cell lines were maintained in RPMI‑1640 medium (cat. 
no.  10‑040‑CVR; Corning, Inc.) supplemented with 10% 
EV‑depleted foetal bovine serum (FBS; cat. no. SA102.02; 
CellMax), 100 U/ml penicillin and 100 µg/ml streptomycin 
(cat. no. C0222; Beyotime Institute of Biotechnology), and 
bovine EV‑depleted medium was obtained by overnight 
ultracentrifugation at 100,000 x g at 4˚C (14). The cells were 
cultured at 37˚C in a standard humidified incubator with 
5% CO2. All experiments were performed when the cells 
reached 70‑80% confluency.

Macrophage differentiation. To generate M0 macrophages, 
monocytic THP‑1 cells were cultured in complete medium 
(RPMI‑1640 with 10% EV‑depleted FBS) at a relatively 
low cell density (2.5x105 cells/ml) with 100 ng/ml phorbol 
12‑myristate 13‑acetate (PMA; cat. no. P1585; Sigma‑Aldrich; 
Merck KGaA) for 24 h for differentiation into resting (M0) 
macrophages (15).

Flow cytometry. Single‑cell suspensions were stained with 
FITC anti‑human CD11b and CD14 antibodies (1:20; cat. 
nos. 301329 and 301803, respectively; BioLegend, Inc.) for 
30 min at 37˚C. FITC mouse IgG1 and IgG2a antibodies (1:20; 
cat. nos. 400109 and 400207; BioLegend, Inc.) were used to 
stain single cell suspensions for 30 min at 37˚C. These control 
antibodies were the isotype controls for CD11b and CD14, 
respectively, and were used as a reference in each experiment. 
In total, ~1x105 events were collected for each sample with a 
Becton Dickinson FACS Calibur system (BD Biosciences) and 
FlowJo software 7.6.1 (FlowJo, LLC) was used for analysis.

Exosome isolation. According to a previously published 
protocol (16), exosomes were collected by differential ultracen-
trifugation under appropriately optimized conditions. Briefly, 
T24 cells were cultured for 48 h in complete RPMI‑1640 
medium containing 10% EV‑depleted FBS. The conditioned 
medium was collected, centrifuged at 300 x g for 10 min at 
4˚C to remove free cells and then centrifuged at 2,000 x g 
for 10 min at 4˚C to remove dead cells. Next, centrifugation 
was performed at 10,000 x g for 30 min at 4˚C to remove cell 
debris. The supernatant was collected and filtered through 
a 0.22‑µm filter (cat. no. SLGP033RB; EMD Millipore) to 
remove contaminating apoptotic bodies and microvesicles. 
Then, the clarified supernatant was ultracentrifuged at 
100,000 x g for 70 min at 4˚C to precipitate the exosomes. 

The supernatant was carefully removed and stored at ‑20˚C 
as the non‑exosome‑conditioned medium (non‑exo‑CM), and 
the crude precipitate containing the exosomes was washed 
with 1 ml PBS. Ultracentrifugation was performed again at 
100,000 x g for 70 min at 4˚C. The supernatant was aspirated, 
and the exosome pellets were resuspended in 200 µl PBS and 
stored at ‑20˚C.

Transmission electron microscopy (TEM). For TEM, freshly 
isolated exosomes were used; these were diluted with 
nuclease‑free water to maximize image quality. A 10‑µl 
suspension with exosomes was adsorbed onto a carbon‑coated 
200‑mesh nickel grid for 10 min at room temperature, and 
then the excess was blotted with filter paper. The sample was 
negatively stained with 10 µl 10% phosphotungstic acid (cat. 
no. P4006; Sigma‑Aldrich; Merck KGaA) for 10 sec at room 
temperature, and excess stain was removed with filter paper. 
The mesh was thoroughly dried before viewing. TEM sample 
preparation and imaging were performed at the Electron 
Microscopy Laboratory of Chongqing Medical University.

Nanoparticle tracking analysis (NTA). NTA assays were 
performed using a ZetaView PMX 110 (Particle Metrix) 
and its corresponding software (ZetaView 8.02.28; Particle 
Metrix) (17,18). For NTA, exosomes were diluted in 1x PBS, 
and the resuspension volumes and dilution factors were used to 
calculate the total number of isolated exosomes. A 10‑µl sample 
was transferred to 40 ml distilled water and resuspended. The 
suspension was filtered through a 450‑nm filter to separate the 
exosomes from the larger particles, and the resulting filtered 
suspension was used for particle measurement. Samples were 
taken at 11 different locations, and two cycles of readings were 
performed at each location. After automatically analysing all 
locations and removing any anomalous locations, the mean, 
median, diameter size and sample concentration were calcu-
lated using optimized machine software. The data obtained 
with the ZetaView instrument were analysed using the corre-
sponding software ZetaView 8.02.28.

Exosome labelling and tracking. For the exosome uptake 
experiment, exosomes were labelled with a PKH67 Fluorescent 
Cell Ligation kit (Sigma‑Aldrich; Merck KGaA) according 
to the manufacturer's instructions. The exosomes were then 
washed with 0.5% BSA/PBS (cat. no.  P0007; Beyotime 
Institute of Biotechnology) to remove excess dye. The labelled 
exosomes were again ultracentrifuged at 100,000  x  g for 
1 h at 4˚C to remove residual dye; then, the exosomes (at a 
concentration of 10 µg/ml) were incubated with macrophages 
at 37˚C for 8 h in the dark. The cell nuclei and cytoskeleton 
were separately stained with DAPI (cat. no. C1005; Beyotime 
Institute of Biotechnology) for 5 min at room temperature 
and F‑actin (cat. no. KA4118; AmyJet Scientific) for 30 min 
at room temperature and then examined by laser scanning 
confocal microscopy (magnification, x800).

ELISA. Conditioned medium was separately collected 
from the control (macrophages cultured in the normal 
medium), non‑exo‑CM‑treated (macrophages cultured in the 
non‑exosome‑conditioned medium) and exo‑treated (macro-
phages treated with 10 µg/ml exosomes) groups, centrifuged 
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at 1,000 x g for 5 min at 4˚C, and stored at ‑20˚C until further 
analysis. Subsequently, IL‑10 and IL‑12 (p70) expression levels 
in the conditioned medium were quantified using ELISA kits 
(cat. nos. EK0416 and EK0421, respectively; Wuhan Boster 
Biological Technology, Ltd.) according to the manufacturer's 
instructions.

MicroRNA (miRNA or miR) transfection. Macrophages were 
transfected with miR‑21‑5p mimics, miR‑21‑5p inhibitor, 
mimic negative control (NC) or inhibitor NC (Shanghai 
GenePharma Co. Ltd.) using Lipofectamine®  2000 (cat. 
no. 11668019; Invitrogen: Thermo Fisher Scientific, Inc.) at a 
final concentration of 100 nM, and the same conditions were 
applied for each transfection experiment. The efficiency of cell 
transfection was assessed by reverse transcription‑quantitative 
PCR (RT‑qPCR) after 48  h. Treatment with SF1670 (cat. 
no. S7310; Selleck Chemicals; 500 or 1 µM) for 24 h at 37˚C 
was employed to inhibit phosphatase and tensin homolog 
(PTEN) after transfecting cells with miR‑21‑5p inhibitor. The 
sequences of mimic, inhibitor and negative controls were as 
follows: miR‑21‑5p mimic, 5'‑UAG​CUU​AUC​AGA​CUG​AUG​
UUG​A‑3'; miR‑21‑5p inhibitor, 5'‑CAG​UAC​UUU​UGU​GUA​
GUA​CAA‑3'; mimic negative control, 5'‑UUC​UCC​GAA​CGU​
GUC​ACG​UTT‑3'; and inhibitor negative control, 5'‑CAG​UAC​
UUU​UGU​GUA​GUA​CAA‑3'.

Co‑culture. For experiments involving co‑culture of T24 cells 
and M0 macrophages, T24 cells were seeded onto 0.4 µm 
pore size Transwell culture inserts (cat. no. 3450; Corning, 
Inc.) and transfected with NC or miR‑21‑5p inhibitor. After 
24 h, the inserts were transferred to dishes seeded with M0 
macrophages and co‑cultured for 24 h.

Luciferase reporter assay. The miR‑21‑5p target gene, 
PTEN, was predicted using TargetScan software (version 7.2; 
http://www.targetscan.org/). These sequence of the wild‑type 
miR‑21 binding site on PTEN and a binding site mutant 
sequence were inserted into pmirGLO vectors (Shanghai 
GenePharma Co., Ltd.). Lipofectamine® 2000 was then used 
for transfection of the cells, which were seeded in 6‑well plates 
for 24 h. According to the manufacturer's instructions, lucif-
erase activity was measured using a dual luciferase reporter 
gene assay kit (cat. no. E1910; Promega Corporation). Renilla 
luciferase activity was used to normalize to firefly luciferase 
activity.

Migration and invasion assays. Cell migration and invasion 
assays were performed on 24‑well Transwell cell culture 
chambers with 8‑µm wells pre‑coated or not pre‑coated with 
Matrigel basement membrane gel (cat. no. 354234; Corning, 
Inc.). T24 cells (8x104 cells) in RPMI‑1640 medium were 
plated into the upper chambers with or without Matrigel 
(40 µl/well). Each different cell supernatant (from T24 cells, 
untreated macrophages, non‑exo‑CM‑treated macrophages, 
exo‑treated macrophages, negative control macrophages, 
miR‑21‑5p mimic‑transfected macrophages or miR‑21‑5p 
inhibitor‑transfected macrophages) was collected, diluted 
with fresh FBS media (RPMI‑1640 with 10% FBS) (1:1), 
and plated into each lower chamber. For migration assays, 
T24 cells incubated at 37˚C for 8 h. For invasion assays, the 

incubation time was 24 h. The membranes were collected and 
stained with 0.5% crystal violet (cat. no. C0121; Beyotime 
Institute of Biotechnology) for 15 min at room temperature. 
Migrating and invading cells were observed under an optical 
microscope (magnification, x100). Five fields of view were 
randomly selected to calculate the number of cells that 
migrated and invaded.

RT‑qPCR. Total RNA was isolated from cells and exosomes 
using TRIzol (cat. no. 15596026; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. RNA was quantified 
using a Nanodrop ND‑1000 (Thermo Fisher Scientific, Inc.). 
RT was carried out using a PrimeScriptTM RT Reagent kit with 
gDNA Eraser (Perfect Real Time; cat. no. RR047A; Takara 
Bio, Inc.). qPCR was performed on a CFX96 Real‑Time PCR 
Detection system (Bio‑Rad Laboratories, Inc.) using TB Green 
Premix Ex Taq II (cat. no. RR820A; Takara Bio, Inc.), and the 
expression of mRNA or miRNA was normalized to β‑actin 
or U6, respectively. The thermocycling parameters were as 
follows: i) initial denaturation at 95˚C for 30 sec; ii) 40 cycles 
of denaturation at 95˚C for 5 sec and 60˚C for 30 sec; and (3) 
annealing/extension at 65˚C for 5 sec with a 0.5˚C increase 
for each repetition (60  cycles to 95˚C). The results were 
analysed using the 2‑ΔΔCq method (19). All primers are listed 
in Table I.

Western blot analysis. Cells and exosomes were lysed 
with RIPA buffer (cat. no. P0013B; Beyotime Institute of 
Biotechnology). A BCA protein assay kit (cat. no. P0010; 
Beyotime Institute of Biotechnology) was used to detect 
protein concentrations, and a 12% sodium dodecyl 
sulfate‑polyacrylamide gel was applied for total protein 
(30 µg) separation. The proteins in the gel were transferred to 
a 0.45‑µM pore size PVDF membrane (cat. no. IPVH00010; 
EMD Millipore) via wet electrophoretic transfer. The western 
blots were blocked with skim milk powder for 1 h at room 
temperature and incubated overnight at 4˚C with anti‑CD9 
(cat. no. ab92726; Abcam), anti‑CD63 (cat. no. ab134045; 
Abcam), anti‑tumour susceptibility gene 101 (TSG101; cat. 
no. ab125011; Abcam), anti‑PI3 kinase p85 (cat. no. 4257T; 
Cell Signalling Technology, Inc.), anti‑PTEN (cat. no. 9559T; 
Cell Signalling Technology, Inc.), anti‑AKT (cat. no. 4691T; 
Cell Signalling Technology, Inc.), anti‑phosphorylated 
(p)‑AKT (cat. no. 2965T; Cell Signalling Technology, Inc.), 
anti‑STAT3 (cat. no. 4904T; Cell Signalling Technology, Inc.) 
and anti‑p‑STAT3 (cat. no. 9145T; Cell Signalling Technology, 
Inc.) antibodies, all diluted to 1:1,000. An anti‑b‑actin antibody 
(cat. no. 4970S; 1:2,000; Cell Signalling Technology, Inc.) and 
anti‑GAPDH (cat. no. 10494‑1‑AP; 1:20,000; ProteinTech 
Group, Inc.) were used as internal loading controls. Following 
antibody incubation, the protein bands were washed three 
times with TBS‑Tween 20 on an orbital shaker in 10 min 
intervals. Subsequently, the membranes were incubated with 
a horseradish peroxidase‑conjugated secondary antibody (cat. 
no. A0208; 1:3,000; Beyotime Institute of Biotechnology) 
for 1 h at room temperature and then developed using an 
electrochemiluminescence western blot detection reagent 
(cat. no. WBKLS0010; EMD Millipore). Fusion FX Spectra 
software (version 7; Vilber) was used to detect the bands. The 
protein expression levels in the various groups were compared 
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with those in the control group based on the relative intensi-
ties of the bands.

Statistical analysis. Three independent experiments were 
performed and the experimental results are shown as the 
mean ± standard deviation. The data were compared using 
Student's t‑test for two groups. The differences among multiple 
groups were assessed using one‑way ANOVA followed by a 
post‑hoc Bonferroni test. P<0.05 was considered to indicate a 
statistically significant difference. All statistical analyses were 
performed with SPSS statistical software 19.0 (IBM Corp.).

Results

Morphological characteristics of THP‑1 cells after differ‑
entiation. To obtain M0 macrophages, PMA was used to 
induce polarization of THP‑1 cells as described previ-
ously (15,20). Macrophage‑like morphological changes were 
observed in THP‑1 cells after stimulation with PMA for 24 h 
(Fig. 1A). The cytoplasmic volume was increased in human 
monocyte‑derived macrophages compared with monocytes. 
Compared with no treatment, PMA treatment of THP‑1 cells 
results in a more mature phenotype with lower proliferation 
rates, higher adherence levels and increased expression of cell 
surface markers (13). The present study analysed the expression 
levels of CD11b and CD14, as CD11b and CD14 are reported to 
be common markers for the differentiation of monocytes into 
macrophages (15,20). In the absence of any stimulation, 19.44 
and 69.46% of cultured THP‑1 cells were positive for CD11b 
and CD14, respectively. After treatment with PMA, marked 
increases in the numbers of CD11b‑ and CD14‑positive cells 
(65.46 and 90.72%) were observed (Fig. 1B). These results 
showed that M0 macrophages were successfully obtained 
from THP‑1 cells and could be used in subsequent experi-
ments, which was consistent with other studies (21,22).

Identification of exosomes derived from T24 cells and uptake 
of the exosomes in macrophages. T24 is the most typically 

used and representative cell line model in bladder cancer 
research, with characteristics of a short generation time (19 h), 
high grade, and highly aggressive and metastatic potential. 
Therefore, T24 cells were selected as the representative cell 
line for subsequent research. Exosomes can regulate the TME 
through the transfer of functional small RNAs or proteins (23). 
To confirm whether exosomes derived from T24 cells uptake 
into macrophages, exosomes were first collected from condi-
tioned medium of T24 cells. TEM revealed that the purified 
exosomes had a cup‑shaped morphology (Fig.  2A). NTA 
revealed that the diameters of the particles were within the 
expected range for exosomes (40‑150 nm) and that the parti-
cles expressed the currently known exosomal markers CD9, 
CD63 and TSG101, consistent with the defined features of 
exosomes (Fig. 2B and C). To evaluate the biological interac-
tions between exosomes derived from T24 cells and immune 
cells, fluorescently labelled exosomes were cultured with 
macrophages. After 8 h of incubation, confocal microscopy 
revealed the presence of stained exosomes in the cytoplasm of 
macrophages (Fig. 2D).

T24 cell‑derived exosomes activate a TAM‑like macrophage 
phenotype that can promote migration and invasion of T24 
cells. To determine whether T24 cell‑derived exosomes 
are capable of promoting M2 macrophage polarization, 
the expression of markers typical of the M2 phenotype was 
examined. Commonly used cytokine markers indicating 
macrophage polarization towards the M2 phenotype include 
IL‑10 and transforming growth factor β (TGF‑β)  (24). In 
addition, a non‑exo‑CM‑treated group was used to observe 
the effect of substances outside exosomes on M2 polarization 
of macrophages. RT‑qPCR showed that the mRNA levels of 
IL‑10 and TGF‑β were significantly upregulated in exo‑treated 
macrophages compared with control macrophages, while the 
levels in non‑exo‑CM‑treated macrophages did not appear 
significantly altered (Fig. 3A). M2 macrophages are defined as 
having an in vitro phenotype of low IL‑12 expression and high 
IL‑10 expression (25). These results were further confirmed 

Table I. Primers used for reverse transcription‑quantitative PCR.

Gene	 Primer sequence

miR‑21‑5p	 Forward: 5'‑ACACTCCAGCTGGGTAGCTTATCAGACTGA‑3'
	 Reverse: 5'‑TGGTGTCGTGGAGTCG‑3'
PTEN	 Forward: 5'‑TGGATTCGACTTAGACTTGACCT‑3'
	 Reverse: 5'‑GGTGGGTTATGGTCTTCAAAAGG‑3'
IL‑10	 Forward: 5'‑GACTTTAAGGGTTACCTGGGTTG‑3'
	 Reverse: 5'‑TCACATGCGCCTTGATGTCTG‑3'
TGF‑β	 Forward: 5'‑GGTACCTGAACCCGTGTTGCT‑3'
	 Reverse: 5'‑TGTTGCTGTATTTCTGGTAACAGCTC‑3'
β‑actin	 Forward: 5'‑GTCTTCCCCTCCATCGTG‑3'
	 Reverse: 5'‑AGGGTGAGGATGCCTCTCTT‑3'
U6	 Forward: 5'‑CTCGCTTCGGCAGCACA‑3'
	 Reverse: 5'‑AACGCTTCACGAATTTGCGT‑3'

miR‑21‑5p, microRNA‑21‑5p; PTEN, phosphatase and tensin homolog. 
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using ELISA, which revealed the levels of IL‑10 and IL‑12 
protein secreted into the macrophages supernatant (Fig. 3B). 
To further investigate the effects of exo‑treated macrophages 
on cancer cell migration and invasion in vitro, macrophages 
were treated with exosomes (10 µg/ml) or non‑exo‑CM for 
24 h. Migration and invasion assays both revealed significant 
increases in the numbers of migrated and invasive T24 cells 
after incubation of the T24 cells with conditioned medium from 
exo‑treated macrophages (Fig. 3C). These results suggested 
that T24 cell‑derived exosomes promoted macrophage polar-
ization toward the M2 phenotype, thereby enhancing T24 cell 
migratory and invasive ability. In addition, the substances 
outside exosomes do not participate in M2 differentiation.

miR‑21 loaded in T24 cell‑derived exosomes promotes M2 
differentiation. Exosomes contain biologically active molecules 
that are involved in intercellular communication. Previous 
studies have shown that miR‑21 is highly expressed in bladder 
cancer and stromal cells and is closely related to tumour progres-
sion (26). To elucidate whether miR‑21 is also highly expressed 
in exosomes derived from bladder cancer cells (T24 cells), the 
expression of miR‑21 was examined by RT‑qPCR. The results 
showed that the expression of miR‑21 in T24 cell‑derived 
exosomes was significantly higher than that in parental cells 
(Fig.  4A). It was then examined whether tumour‑derived 
exosomes could deliver miR‑21 to macrophages. As shown in 
Fig. 4B, the level of miR‑21 was higher in macrophages treated 
with T24 cell‑derived exosomes compared with in untreated 
macrophages. To determine whether T24 cell‑derived miR‑21 
could be directly transferred from bladder cancer cells to 

macrophages and affect macrophage polarization, a co‑culture 
experiment was designed in which macrophages were 
co‑cultured with T24 cells. RT‑qPCR analysis of miR‑21 was 
performed on the recipient cells. The level of miR‑21 was higher 
in macrophages co‑cultured with T24 cells than in macro-
phages (Fig. S1A). Compared with the control, macrophages 
co‑cultured with T24 cells exhibited significantly higher expres-
sion of IL‑10 and TGF‑β (Fig. S1B). The results suggested that 
co‑culture with T24 cells promoted macrophage polarization 
toward the M2 phenotype. The present study then co‑cultured 
macrophages with T24 cells that were transiently transfected 
with a miR‑21‑5p inhibitor (anti‑miR‑21‑5p T24 cells). The 
results showed that miR‑21 expression levels were significantly 
lower in macrophages co‑cultured with anti‑miR‑21‑5p T24 
cells compared with those co‑cultured with T24 cells (Fig. 4C). 
Furthermore, the mRNA levels of IL‑10 and TGF‑β were 
significantly downregulated in macrophages co‑cultured with 
anti‑miR‑21‑5p T24 cells compared with those co‑cultured 
with T24 cells (Fig. 4D). The results showed that co‑culture 
with anti‑miR‑21‑5p T24 cells inhibited M2 phenotypic polar-
ization, indicating that T24 cell‑derived miR‑21 was a key factor 
inducing macrophage polarization in thus co‑culture system.

The aforementioned data raise the question of whether 
upregulation of endogenous miR‑21 can polarize macro-
phages toward the M2 phenotype. To answer this question, 
PMA‑treated macrophages were transiently transfected 
with miR‑21‑5p mimics or miR‑21‑5p inhibitor, and miR‑21 
expression levels were evaluated by RT‑qPCR. As presented in 
Fig. 4E, miR‑21 transcript levels were significantly altered in 
macrophages transfected with miR‑21‑5p mimics or miR‑21‑5p 

Figure 1. Characterization of PMA‑treated THP‑1 cells. (A) Morphological changes in THP‑1 cells caused by PMA treatment. THP‑1 cells were treated with 
100 ng/ml PMA for 24 h for differentiation into resting macrophages. Magnification, x100. (B) Flow cytometry characterization of macrophages derived from 
THP‑1 cells stimulated with PMA; CD11b and CD14 are specific markers of macrophages. PMA, phorbol 12‑myristate 13‑acetate.
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inhibitor. Compared with the mimics control, transfection of 
macrophages with miR‑21‑5p mimics significantly upregulated 
the expression of IL‑10 and TGF‑β (Fig. 4F). Transfection of 
macrophages with miR‑21‑5p inhibitor did not significantly 
decrease the expression of M2 markers (IL‑10 and TGF‑β) 
(Fig. 4G). It was identified that upregulation of miR‑21 in 
macrophages can polarize macrophages toward the M2 
phenotype, while M2 phenotypic polarization did not occur in 
macrophages transfected with miR‑21‑5p inhibitor. Therefore, 
according to the results of the aforementioned experiments, a 
conclusion can be made that miR‑21 loaded in T24‑derived 
exosomes can promote M2‑differentiation.

miR‑21‑5p mimics promote T24 cell migration and invasion by 
inducing M2 macrophage polarization. Furthermore, the effect 
of miR‑21 expression in macrophages on T24 cells migration 
and invasion was investigated. Transwell and Matrigel assays 
showed that transfection of macrophages with miR‑21‑5p mimics 
significantly increased the migration and invasion of T24 cells 

(Fig. 5A). Compared with control macrophages and macrophages 
transfected with a control inhibitor, miR‑21 inhibitor‑transfected 
macrophages showed significant reductions in the migratory 
and invasive ability of T24 cells (Fig. 5B). Therefore, enhancing 
miR‑21 expression may enable macrophages to promote the 
migratory and invasive ability of T24 cells.

PTEN is suppressed by upregulation of miR‑21 in macro‑
phages. To elucidate the mechanism by which miR‑21 mediates 
M2 polarization, potential miR‑21 targets were searched using 
the computational prediction program TargetScan. PTEN 
deficiency has been found to facilitate M2 macrophage differ-
entiation in a murine liver partial warm ischaemia model (27). 
Therefore, the present study focused on PTEN, a predicted 
miR‑21 target gene (Fig. 6A). Dual luciferase reporter assays 
were performed to examine the direct interaction between 
miR‑21 and the 3'‑untranslated region (3'‑UTR) of PTEN. The 
PTEN 3'‑UTR downstream of a firefly luciferase reporter was 
cloned and it was identified that intact miR‑21 downregulated 

Figure 2. Characterization of T24 cell‑derived exosomes and internalization of the exosomes into immune cells. (A) Representative TEM micrograph of 
exosomes derived from T24 cells. (B) Western blot analysis of the exosomal proteins CD9, CD63 and TSG101 in exosomes derived from T24 cells. (C) NTA 
of T24 cell‑derived exosomes isolated by ultracentrifugation. (D) PKH67‑labelled exosomes derived from T24 cells were shown to be taken up and internal-
ized into the cytoplasm of macrophages under a confocal microscope. Representative images are shown. Scale bar, 100 µm. TEM, transmission electron 
microscopy; TSG101, tumour susceptibility gene 101; NTA, nanoparticle tracking analysis; Exo, exosome.
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Figure 3. Exosomes derived from T24 cells induce polarization toward M2 macrophages and can promote bladder cancer cell migration and invasion. 
(A) RT‑qPCR detection of IL‑10 and TGF‑β mRNA expression in control, non‑exo‑CM‑treated macrophages and exo‑treated macrophages. (B) IL‑10 and 
IL‑12 (p70) levels measured by ELISA. (C) Migration and invasion assays of T24 cells cultured with supernatants from control, untreated, non‑exo‑CM‑treated 
or exo‑treated macrophages. Magnification, x100. n=3. *P<0.05, **P<0.01, ***P<0.001, ****P<0.01 vs. control group. RT‑qPCR, reverse transcription‑quantitative 
PCR; non‑exo‑CM, non‑exosome‑conditioned medium; exo, exosome.
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the activity of the resulting reporter construct (Fig. 6B). When 
a mutant PTEN 3'‑UTR with a disrupted miR‑21 binding 
site was introduced, this downregulation was significantly 
reversed (Fig. 6B). The mRNA levels of PTEN were also 
determined using RT‑qPCR, which revealed that they were 
lower in the exo‑treated group compared with in the untreated 
group (Fig. 6C). RT‑qPCR analysis showed that PTEN gene 
expression was significantly decreased in macrophages trans-
fected with miR‑21‑5p mimics but significantly increased in 
macrophages transfected with miR‑21‑5p inhibitor (Fig. 6D). 
Furthermore, the recently developed PTEN‑specific inhibitor 

SF1670 was used to observe the role of the PTEN‑mediated 
pathway in regulating macrophage polarization  (28). The 
inhibitory effect of SF1670 was tested over 24 h at 500 and 
1 µM concentrations by western blotting, which revealed that 
SF1670 could inhibit the expression of PTEN in macrophages 
transfected with miR‑21‑5p inhibitor (Fig. 6E). In addition, 
SF1670 treatment at the 1 µM concentration significantly 
increased the expression of M2 markers in miR‑21 inhib-
itor‑transfected macrophages (Fig. 6F). These results indicate 
that PTEN is a direct target gene by which miR‑21 induces M2 
differentiation.

Figure 4. miR‑21 is enriched in T24 cell‑derived exosomes and is associated with M2 macrophage polarization. (A) Relative miR‑21 expression in T24 cells 
and exosomes. (B) Relative miR‑21 expression in macrophages treated with PBS or exosomes. (C) Relative miR‑21 expression in macrophages co‑cultured 
with T24 cells or anti‑miR‑21‑5p T24 cells. (D) mRNA levels of IL‑10 and TGF‑β in macrophages co‑cultured with T24 cells or anti‑miR‑21‑5p T24 cells. 
(E) miR‑21 levels of macrophages transfected with miR‑21‑5p mimics or miR‑21‑5p inhibitor. (F) mRNA levels of IL‑10 and TGF‑β in macrophages trans-
fected with miR‑21‑5p mimics. (G) mRNA levels of IL‑10 and TGF‑β in macrophages transfected with miR‑21‑5p inhibitor. n=3. ▲▲P<0.01 vs. T24 group. 
*P<0.05, **P<0.01, ***P<0.001 vs. control group. #P<0.05, ##P<0.01, ###P<0.001 vs. NC group. miR‑21, microRNA‑21; exo, exosome; Control, macrophages 
co‑cultured with T24 cells or macrophages; NC, macrophages co‑cultured with T24 cells transfected with the appropriate negative control or macrophages 
transfected with negative control; anti‑miR‑21‑5p T24, macrophages co‑cultured with T24 cells transfected with a miR‑21‑5p inhibitor; Mimics, macrophages 
transfected with miR‑21‑5p mimics; Inhibitor, macrophages transfected with miR‑21‑5p inhibitor.
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PI3K/AKT‑STAT3 is upregulated following the suppres‑
sion of PTEN in macrophages. Notably, STAT3 activation 
is essential for differentiation of macrophages into the M2 
phenotype (8). A previous report suggested that STAT3 acti-
vation is dependent on activation of the PI3K/AKT pathway 
in macrophages (29). Therefore, PI3K/AKT signalling and 
STAT3 signalling were next in the exo‑treated and untreated 
groups, by assessing AKT and STAT3 phosphorylation by 
western blot analysis. The expression of p‑AKT and p‑STAT3 
was greater in exo‑treated macrophages than in untreated 
macrophages (Fig.  6G). Moreover, it was observed that 
the phosphorylation of AKT and STAT3 in macrophages 
co‑cultured with anti‑miR‑21‑5p T24 cells was lower than 
that in macrophages co‑cultured with T24 cells (Fig. 6H). It 
was hypothesized that miR‑21 affects macrophage polariza-
tion via the STAT3 pathway. To test this hypothesis, STAT3 
phosphorylation status after treatment with miR‑21‑5p mimics 
and miR‑21‑5p inhibitor was analysed, and STAT3 activation 

was assessed. In macrophages, the introduction of miR‑21‑5p 
mimics enhanced p‑AKT and p‑STAT3, while introduction of 
miR‑21‑5p inhibitor attenuated these changes (Fig. 6I). Taken 
together, these data suggest that miR‑21 directly downregu-
lates PTEN and further enhances PI3K/AKT‑induced STAT3 
signalling activity.

Discussion

The present study found that bladder cancer cells express 
significantly higher levels of miR‑21 compared with M0 
macrophages, and that exosomal miR‑21 transfer from bladder 
cancer cells to M0 macrophages can enable increases in 
bladder cancer cell migration and invasion through downregu-
lation of the direct miR‑21 target PTEN.

The THP‑1 human acute monocytic leukaemia cell line is 
the cell line most commonly used to study monocyte/macro-
phage differentiation and function (30). However, the cell line 

Figure 5. Upregulating the expression of miR‑21 in macrophages can promote T24 cell migration and invasion. (A) The cell migration and invasion of T24 
cells treated with macrophages transfected with miR‑21‑5p mimics were assessed by Transwell and Matrigel assays. Magnification, x100. (B) Effects of 
macrophages transfected with miR‑21‑5p inhibitor on T24 cell migration and invasion. Magnification, x100. n=3. **P<0.01, ***P<0.001, ****P<0.0001 vs. control 
group; ###P<0.001, ####P<0.0001 vs. NC group. miR‑21, microRNA‑21; NC, negative control.
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THP‑1 has been found to contain a mutation in the N‑RAS 
gene (31). Mutations in the N‑RAS gene cause certain struc-
tural changes in RAS proteins, which lead to inactivation 
and continue to stimulate cell growth or differentiation. The 
present study predominantly investigated the relationship 
between T24 cells and macrophages, so macrophages were 
the main experimental object rather than THP‑1 cells, which 
were only used to induce the formation of macrophages in 
the present study. To determine whether the N‑RAS gene 
mutations will interfere with our experiment, we only need to 
observe whether the THP‑1 cells with N‑RAS gene mutations 
can be induced to differentiate into macrophages. We found 
that M0 macrophages were successfully obtained from THP‑1 
cells after stimulation with PMA for 24 h. Therefore, it was 
confirmed that the N‑RAS gene mutations in the cell line 
THP‑1 does not affect PMA‑induced THP‑1 cell differentia-
tion into macrophage‑like cells.

Accumulating evidence has shown that TAMs are closely 
related to tumour progression and metastasis through intercel-
lular communication with cancer cells (32,33). A recent study 
has also highlighted the roles of exosomes in the regulation of 
TME (34). Such regulation may result from exosome‑induced 
effects on macrophages and phenotypic changes due to 
alterations in chemokines levels (35). The present study has 
shown that exosomes are capable of polarizing M0 macro-
phages into the M2‑like phenotype, as demonstrated by the 
production of specific cytokines and the phenotypic changes 
in surface markers. Moreover, the present data showed that 
macrophages treated with non‑exo CM could not be polar-
ized into the M2‑like phenotype. These results suggest that 
cancer cell‑derived exosomes, rather than other substances 
outside the exosomes, activate the polarization programme 
in macrophages. The polarization of macrophages into the 
M2‑like phenotype can be triggered by multiple signals. 

Figure 6. miR‑21 downregulates PTEN expression and activates PI3K/AKT‑mediated STAT3 signalling pathways in macrophages. (A) The binding site of 
miR‑21‑5p in the PTEN 3'‑UTR was predicted with TargetScan. (B) M0 macrophages were transfected with either WT or MUT PTEN coding sequence 
vectors. Luciferase activity was measured 24 h after transfection. (C) mRNA levels of PTEN in macrophages treated with exosomes. (D) PTEN expression 
of macrophages transfected with miR‑21‑5p mimics or miR‑21‑5p inhibitor. (E) The PTEN inhibitor SF1670 (1 µM) inhibited the expression of PTEN in 
macrophages transfected with miR‑21‑5p inhibitor. (F) The levels of IL‑10 and TGF‑β were increased in miR‑21 inhibitor‑transfected cells treated with SF1670 
(1 µM). 
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miRNA‑mediated TAM regulation is one of the most studied 
topics in the field of TAM‑related carcinogenesis. Numerous 

studies have investigated the effects of exosomal miRNAs on 
TAM functions, including macrophage polarization (36‑38).

Figure 6. Continued. miR‑21 downregulates PTEN expression and activates PI3K/AKT‑mediated STAT3 signalling pathways in macrophages. (G) The 
expression of PTEN, PI3K, p‑AKT and p‑STAT3 in exo‑treated macrophages was assessed by western blot analysis. (H) Differences in the expression of 
PTEN, PI3K, p‑AKT and p‑STAT3 between macrophages co‑cultured with T24 cells and those co‑cultured with anti‑miR‑21‑5p T24 cells. (I) Expression of 
PTEN, PI3K, p‑AKT and p‑STAT3 in macrophages transfected with miR‑21‑5p mimics or miR‑21‑5p inhibitor. n=3. ▲▲P<0.01 vs. mimics NC group. ☐☐P<0.01 
vs. PTEN WT miR‑21‑5p group. *P<0.05, **P<0.01 vs. control group. #P<0.05 vs. NC group. ΔΔP<0.01, ΔΔΔP<0.001 vs. inhibitor group. miR‑21, microRNA‑21; 
pmirGLO NC, pmirGLO negative control; pmirGLO PC, pmirGLO positive control; NC, negative control; MUT, mutated; PTEN, phosphatase and tensin 
homolog; exo, exosome; p‑, phosphorylated; 3'‑UTR, 3'‑untranslated region.
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Previous studies have shown that miR‑21 is often over-
expressed in different types of human cancer, including 
non‑small cell lung cancer, colorectal cancer (CRC) and breast 
cancer (39‑41). Notably, miR‑21 expression is not significantly 
different between bladder cancer and normal urothelial tissues, 
but high expression of miR‑21 is associated with poor overall 
bladder cancer survival and is a good indicator of metas-
tasis (42). Moreover, among numerous miRNAs, miR‑21 has 
been found to be overexpressed in bladder cancer tissue, urine 
exosomes and white blood cells (43). This evidence suggests 
that miR‑21 can be used as a prognostic marker for bladder 
tumour metastasis. A recent study has shown that certain 
miRNAs are selectively loaded or retained in exosomes, 
indicating apparent exosomal enrichment of certain miRNAs 
compared with most cellular miRNAs (44). The present study 
found that miR‑21 was enriched in T24 cell‑derived exosomes 
isolated by ultracentrifugation. Furthermore, miR‑21 could 
be transferred by exosomes from bladder cancer cells to 
macrophages and subsequently promote tumour migration 
and invasion, suggesting that the increased miR‑21 expression 
in M0 macrophages may confer a more aggressive phenotype 
in these cells. miR‑21 expression has been associated with 
M2 macrophages characterized by elevated IL‑10 protein 
levels (45). Upon incubating M0 macrophages with bladder 
cancer cells, the present study confirmed that the M2 macro-
phage markers were significantly upregulated. In addition, 
the changes in cytokine markers in the macrophages were 
blocked by co‑culturing miR‑21 inhibitor‑transfected bladder 
cancer cells with M0 macrophages in vitro. This blockade was 
probably due to the higher endogenous miR‑21 expression in 
bladder cancer cells than in M0 macrophages, as confirmed by 
RT‑qPCR analyses. Therefore, the aforementioned evidence 
may explain why T24 cell‑derived exosomes enriched with 
miR‑21 induce M2 differentiation. Notably, a recent study 
reported that M2 macrophage‑regulated CRC cell migra-
tion and invasion are dependent on M2 macrophage‑derived 
exosomes, which display high expression levels of miR‑21‑5p 
and miR‑155‑5p, and that exosome‑mediated CRC cell migra-
tion and invasion depended on these two miRNAs  (46). 
Thus, exosomal miR‑21 seems to be able to participate in the 
formation of the TME and play a significant role in subsequent 
cancer cell migration and invasion.

The present study also demonstrated, to the best of our 
knowledge, for the first time, that downregulation of miR‑21 
in macrophages can block polarization of M0 macrophages 
into M2 macrophages. In the context of cancer cells with 
genetic defects, miR‑21 can promote the polarization of 
macrophages into the M1‑like phenotype (47). Thus, miR‑21 
plays a key role in directing macrophage differentiation. 
Additionally, it was revealed that miR‑21 overexpression 
in M0 macrophages can induce STAT3 expression and that 
inhibition of miR‑21 abolishes this effect. Furthermore, it 
was found that miR‑21 inhibitor‑induced STAT3 upregula-
tion could be eliminated by SF1670, showing the dependence 
of this STAT3 upregulation on PI3K/AKT activation. The 
PI3K/AKT pathway is an upstream signalling pathway of 
NF‑κB and can activate NF‑κB in macrophages (48). A study 
has shown that enhancing the NF‑κB signalling pathway in 
macrophages can upregulate IL‑6 production and secretion 
in cells (49). Furthermore, blocking NF‑κB activation inhibits 

IL‑6 expression in macrophages (48). Recently, it has been 
suggested that IL‑6 and STAT3 play key roles in the progres-
sion of ovarian cancer, possibly by polarizing TAMs (50). The 
findings of previous studies regarding the relationships among 
the PI3K/AKT/NF‑κB/STAT3 signalling pathways can explain 
the phenomenon of STAT3 upregulation by exosomal miR‑21 
in PMA‑induced THP‑1 human macrophages. Regarding 
miR‑21‑induced signalling, a previous study has indicated that 
the STAT3 pathway is the major upstream pathway of miR‑21 
in monocytes/macrophages (51). Thus, the exact molecular 
interactions by which miR‑21 induces STAT3 expression need 
further exploration.

Despite its successes, the present study has limitations. 
Given the highly invasive nature of T24 cells, the experiment 
revealed changes only in this one bladder cancer cell line. 
Different levels of invasiveness of bladder cancer cell lines can 
reflect differences in the influences of exosomes of different 
stages of bladder cancer on the polarization of macrophages. 
This phenomenon requires further study.

In conclusion, exosomal miR‑21 derived from T24 cells 
could elevate the expression of M2‑type characteristic genes 
in macrophages to further promote the invasion and migra-
tion of bladder cancer cells. However, these findings do not 
exclude the roles of other exosomal cargo molecules derived 
from cancer cells.
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