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miR-155-5p regulates macrophage M1 polarization and apoptosis
in the synovial fluid of patients with knee osteoarthritis
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Abstract. Osteoarthritis (OA) is one of the most prevalent
degenerative joint diseases that affects millions of individuals
worldwide. During OA, proinflammatory factors (including
IL-1, IL-6, IL-17 and TNF-a) are released from chondrocytes
and proliferating synoviocytes potentiate the proinflammatory
microenvironment of the synovial fluid (SF). The altered SF
microenvironment affects the infiltration, polarization and
apoptosis of macrophages, though the underlying mecha-
nisms are not completely understood. In the present study, the
hypothesis that the knee synovial fluid of patients with knee
osteoarthritis (KOA SF) promotes the polarization of peripheral
blood mononuclear cell (PBMC)-derived M1 macrophages and
inhibits PBMC-derived macrophage apoptosis was investigated.
KOA SF increased PBMC-derived macrophage M1 polariza-
tion via the microRNA (miR)-155-5p/suppressor of cytokine
signaling 1 signaling pathway. Caspase-3 (CASP3) was identi-
fied as a novel target of miR-155-5p, where KOA SF inhibited
macrophage apoptosis via the miR-155-5p/CASP3 signaling
pathway. The results suggested that the proinflammatory envi-
ronment of KOA SF promoted macrophage M1 polarization
and reduced macrophage apoptosis via miR-155-5p. The results
provided a potential explanation for the increased number of
M1 macrophages observed in KOA SF during OA. In addition,
the present study suggested that miR-155-5p may serve as a
potential therapeutic target for KOA.

Introduction
Osteoarthritis (OA) is one of the most common degenerative

jointdiseases, affecting millions of individuals worldwide. OA is
characterized by chondrocyte apoptosis and hypertrophy (1,2),
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formation of osteophytes and inflammation of the synovial
membrane (3). An increasing number of studies have reported
that chronic inflammation with mild synovitis, elevated
proinflammatory cytokine levels and infiltration of inflamma-
tory cells (4) are linked to the progression of OA (5). During
OA, cartilage integrity is lost and hypertrophic chondrocytes
exhibit increased synthetic activity in an attempt to repair the
damage. However, as a result of the increased synthetic activity,
proinflammatory mediator products [including tumor necrosis
factor (TNF)-a to interleukin (IL)-6 and IL-1pB)] deregulate
chondrocyte function and act on the adjacent synovium
to stimulate proliferative and inflammatory responses (6).
Proliferating synoviocytes also release proinflammatory
products into the synovial fluid (SF), leading to a proinflamma-
tory microenvironment (6). The altered SF microenvironment
affects inflammatory cell infiltration, polarization and apop-
tosis. In addition, various proinflammatory factors such as
IL-1,1IL-1pB, IL-6 and TNF-a secreted by the increased number
of inflammatory cells, including M1 macrophages, promote
the proinflammatory microenvironment of SF further to
exacerbate OA. Previous studies have reported that mono-
nuclear cells, including macrophages (7), B (8) and T cells (9),
which aggregate during OA synovial tissues and fluid (4,6-8),
contribute to chondrocyte degradation, local inflammation and
activation of innate immune cells. A number of studies have
demonstrated that the elevated number of macrophages present
in the inflamed synovium and SF serve a major role during
OA progression (10-12). Therefore, identifying the potential
mechanism underlying the effects of the SF microenviron-
ment on macrophage infiltration, apoptosis and polarization is
important for identifying the mechanism underlying OA.

Macrophages serve important roles in innate immunity,
displaying a high degree of plasticity and polarize into two
main subtypes: Classically activated M1 macrophages and
alternatively activated M2 macrophages (13,14). Previous
studies have reported that M1 macrophages can be activated
by interferon-y and toll-like receptors, which display a
proinflammatory phenotype by producing proinflammatory
cytokines, including IL-1, IL-6, TNF-a and IL-12 (15,16).
Macrophages can also be polarized into an anti-inflammatory
phenotype, known as M2 macrophages, which promote
T helper cell 2 responses and contribute to tissue repair and
healing (17,18). During OA, macrophages can be identified
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by measuring the expression of their respective cell markers
using flow cytometry (FCM), including CD14, CD163 and
CD68 (19). A previous study reported that local inflammation
and activation of innate immune cells, primarily M1 macro-
phages, are major factors that contribute to the acceleration of
OA progression (20). However, few studies have explored the
impact of the proinflammatory microenvironment, including
synovial tissues and SF, on macrophage infiltration, apoptosis
and polarization during OA progression.

MicroRNAs (miRNAs/miRs) are small, single-stranded
RNAs s that are associated with a number of different diseases,
including OA, diabetes and cancer (21-23). miRNAs control
the differentiation and function of myeloid and lymphoid cells,
among other cell types (24). A recent study on miRNAs in the
immune system demonstrated that miR-146a and miR-155-5p
are associated with OA (25). Additionally, it has been reported
that increasing the expression of miR-155-5p leads to M1
polarization in the RAW264.7 macrophage cell line (26,27).
It has also been reported that miR-155-5p promoted M1
macrophage polarization by targeting suppressor of cytokine
signaling 1 (SOCS1), which is involved in STAT3 and AKT
signaling (28-30). In the present study, the impact of knee SF
from patients with knee OA (KOA) on macrophage polariza-
tion and apoptosis was investigated. miR-155-5p was identified
as a potential target that affected macrophage apoptosis and
polarization in KOA SF.

Materials and methods

Collection of clinical samples. A total of 53 SF samples were
collected by needle aspiration from the knee joints of patients
with KOA (28 males and 25 females; age range, 50-79 years;
average age, 66.7 years; admitted from January 2017 to
December 2018; last follow up occurred 1 year after admission)
receiving treatment at the Yantai Yuhuangding Hospital (Yantai,
China). The present study was approved by the Ethics Committee
of Yantai Yuhuangding Hospital and written informed consent
was obtained from all participants. Blood samples (20 ml) from
healthy subjects (20 males, 22 females; age range, 50-79 years;
average age, 68.1 years; admitted from January 2017 to
December 2018; last follow up occurred 1 year after admis-
sion) and patients with KOA were collected into sodium
heparin Vacutainer® tubes (cat. no. 366480; Becton-Dickinson
and Company). The severity of radiographic X-ray KOA was
graded using the Kellgren/Lawrence scoring system (24), which
is scored from O to 4. The X-ray presentations of the patients
were as follows: i) Stage 2 KOA, 9 patients; ii) stage 3 KOA,
28 patients; and iii) stage 3 KOA, 15 patients. KOA SF was
carefully cross-examined and processed within 2 h of fluid
collection. KOA SF supernatant was collected by centrifugation
at 16,000 x g at 4°C and stored at -80°C until further analysis.

Cell culture and stimulation.293T cells (American Type Culture
Collection) were cultured in DMEM (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and
penicillinand streptomycin (Gibco; Thermo Fisher Scientific,Inc.)
at 37°C in a humidified incubator containing 5% CO,. Peripheral
blood mononuclear cells (PBMCs) were obtained from whole

blood samples by density gradient centrifugation (400 x g at
room temperature for 30 min) using Ficoll® 400 (Sigma-Aldrich;
Merck KGaA), according to the manufacturer's protocol. After
washing twice with PBS, PBMCs were seeded (3x10° cells/well)
into 12-well plates with RPMI-1640 (Gibco; Thermo Fisher
Scientific, Inc.) containing 10% FBS and 10 ng/ml macrophage
colony-stimulating factor (R&D Systems, Inc.). After incubation
for 5 days at 37°C, PBMC-derived macrophages were obtained,
seeded (1x10° cells/well) into 12-well plates and co-incubated with
500 ul RPMI-1640-0.4% BSA (Sigma-Aldrich; Merck KGaA)
and 500 ul SF for 12, 24 or 48 h at 37°C. Control cells were
treated with 1 ml control medium (CM; RPMI-1640-0.4% BSA).
CD14* monocytes/macrophages (MON/Mc) were isolated
from the KOA SF and PBMC:s of patients with KOA or normal
subjects using human CD14 MicroBeads (cat no. 130-050-201;
MACS; Miltenyi Biotec, Inc.), according to the manufacturer's
protocols. PBMC-derived macrophage apoptosis was induced by
incubation with 1% DMSO (Sigma-Aldrich; Merck KGaA) for
12 hat37°C.

Cell transfection. PBMC-derived macrophages were seeded
into 12-well plates at a density of 1.5x10° cells per well and
transfected with 100 nmol/l miR-155 mimic (5'-UUAAUG
CUAAUCGUGAUAGGGGU-3'), 100 nmol/l miR-155 inhibitor
(5'-ACCCCUAUCACGAUUAGCAUUAA-3") or 100 nmol/l
miR-155 mimic/inhibitor negative control (NC; 5'-UCACAA
CCUCCUAGAAAGAGUAGA-3'; Shanghai GenePharma Co.,
Ltd.) using Lipofectamine® 2000 reagent (Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
Following transfection for 24 or 48 h at 37°C, PBMC-derived
macrophages were co-incubated with 500 ul RPMI-0.4% BSA
and 500 ul SF for a further 24 h at 37°C. Control cells were
treated with 1 ml CM.

Reverse transcription-quantitative PCR (RT-gPCR). Total RNA
was extracted from macrophages and 293T cells used TRIzol®
reagent (Thermo Fisher Scientific, Inc.). Total RNA was reverse
transcribed into cDNA using the PrimeScript™ RT reagent kit
(Takara Bio, Inc.), according to the manufacturer's protocol.
Subsequently, cDNA was subjected to qPCR using SYBR®
Premix Ex Tag™ (Takara Bio, Inc.). The thermocycling condi-
tions were as follows: 5 min at 95°C, followed by 40 cycles at
95°C for 15 sec and 60°C for 30 sec. The primers used for gPCR
are presented in Table I. mRNA and miRNA expression levels
were quantified using the 2224 method (31) and normalized to
the internal reference genes GAPDH and U6, respectively.

FCM staining,analysisandapoptosisdetection. PBMC-derived
macrophage single-cell suspensions (1x10° cells/100 ul) were
incubated at 4°C for 30 min the with LIVE/DEAD™ Fixable
Aqua Dead Cell Stain kit (Thermo Fisher Scientific, Inc.),
which are a class of viability dyes suitable for identifying
dead cells in samples that are sent for fixation. FcR-blocking
reagent (10 ul; 10 min at 4°C) and fluorescently labeled anti-
bodies targeted against CD86 (1:100; cat. no. 12-0869-42;
eBioscience; Fluorophores, R-phycoerythrin; Thermo Fisher
Scientific, Inc.), inducible nitric oxide synthase (1:100;
iNOS; cat. no. 53-5920-82; eBioscience; Fluorophores,
Alexa Fluor 488; Thermo Fisher Scientific, Inc.) and CD206
(1:100; cat. no. 12-2069-41; eBioscience; Fluorophores:
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Table I. Primers used for quantitative PCR.

Gene Primer sequence (5'-3")
IL-1B F: ATGATGGCTTATTACAGTGGCAA
R: GTCGGAGATTCGTAGCTGGA
IL-6 F: ACTCACCTCTTCAGAACGAATTG
R: CCATCTTTGGAAGGTTCAGGTTG
NOS2 F: TTCAGTATCACAACCTCA
R: TGGACCTGCAAGTTAAAAT
IL-10 F: GACTTTAAGGGTTACCTGGGTTG
R: TCACATGCGCCTTGATGTCTG
ARGI1 F: GTGGAAACTTGCATGGAC
R: AATCCTGGCACATCGGGAAT
SOCSI1 F: CACGCACTTCCGCACATTC
R: TAAGGGCGAAAAAGCAGTT
CASP3 F: CATGGAAGCGAATCAATGGACT
R: CTGTACCAGACCGAGATGTCA
Yml F: TCACAAACAAAAGG
R: GAATATGTAACACATTCAA
miR-155 F: ATTGCCAATTTCTCTACCAC
R: AGTAACAGGCATCATACACT
GAPDH F: CAAGGTCATCCATGACAACTTTG
R: GTCCACCACCCTGTTGCTGTAG
u6 F: CTCGCTTCGGCAGCACA
R: AACGCTTCACGAATTTGCGT

IL, interleukin; NOS2, nitric oxide synthase 2; ARGI, arginase 1;
SOCS1, suppressor of cytokine signaling 1; CASP3, caspase-3;
F, forward; R, reverse.

PE-Cy7; Thermo Fisher Scientific, Inc.) were then added.
The cell pellet was resuspended in 200 pl PBS and reacted
with Alexa Fluor® 488-labeled goat anti-mouse IgG antibody
(1:200; Invitrogen; Thermo Fisher Scientific, Inc.) at room
temperature for 30 min in darkness. Apoptotic cells were
detected using the Annexin V/PI Cell Apoptosis kit (Sungene
Biotech Co., Ltd.), according to the manufacturer's protocol.
FCM analyses were performed using a flow cytometer
(BD Accuri C6 cytometer; BD Biosciences) and Flowlo soft-
ware (version 7.6.1; FlowJo LLC).

Western blotting. Total protein was isolated from macrophages
and cells using protein extraction kit (Bio-Rad Laboratories,
Inc.), after which protein concentration was determined
by a BCA assay (Beyotime Institute of Biotechnology).
Subsequently, samples were separated by 8-12% SDS-PAGE
and transferred onto nitrocellulose membranes using a semidry
transfer apparatus. PVDF membranes were washed with TBST
(0.05% Tween-20) three times before being blocked with
5% skimmed milk at room temperature for 2 h. The membranes
were then incubated at 4°C overnight with primary antibodies
targeted against: Phosphorylated (p)-STAT1 (1:1,000; cat.
no. ab30645; Abcam), STAT1 (1:1,000; cat. no. ab2415; Abcam),
p-STAT6 (1:1,000; cat. no. ab54461; Abcam), STAT6 (1:1,000;

cat. no. ab44718; Abcam), SOCSI1 (1:1,000; cat. no. 3950; Cell
Signaling Technology, Inc.), caspase-3 (CASP3) (1:1,000; cat.
no. 9662; Cell Signaling Technology, Inc.) and GAPDH (1:1,000;
cat. no. 60004-1-Ig; ProteinTech, Inc.). The membranes were
washed with TBST three times, incubated with horseradish
peroxidase-conjugated goat anti-rabbit (1:1,000; cat. no. ab6721;
Abcam) and goat anti-mouse (cat. no. ab97040; 1:5,000;
Abcam) secondary antibodies for 2 h at room temperature. ECL
chemiluminescence solution and bicinchoninic acid protein
quantitative detection kits were purchased from Beyotime
Institute of Biotechnology. Finally, ImageJ (version 1.38;
National Institutes of Health) was used to analyze the gray value.

Luciferasereporterassay.TheinteractionsitesbetweenmiR-155-5p
and CASP3 were predicted using miRanda (http://www.
microrna.org), miRwalk (http://mirwalk.umm.uniheidelberg.de)
and miRTarbase (http:/mirtarbase.mbc.nctu.edu.tw) databases.
The online resource microRNA.org (http://www.microrna.org)
predicted the targeted binding site between miR-155-5p and the
3'-untranslated region (3'-UTR) SOCSI. The wild-type (WT)
or mutant (MUT) 3'-UTR of SOCS1 or CASP3 (constructed
by Guangzhou RiboBio Co., Ltd.) were cloned into the pMIR
vector (Guangzhou RiboBio Co., Ltd.). 293T cells were seeded
(4x10° cells/well) into plates with 0.5 ml complete growth
medium. At 70-90% confluency, 293T cells were co-transfected
with the miR-155 mimic or miR-155 inhibitor, negative
control (miR-NC) and 50 ng pMIR-SOCSI1-3'-UTR-WT or
pMIR-SOCSI-3-UTR-MUT using Lipofectamine 3000® reagent
(Thermo Fisher Scientific, Inc.). For each well, 1 ug/ul DNA was
diluted in 50 ul Opti-MEM (Gibco; Thermo Fisher Scientific,
Inc.), whilst in a separate tube, 2.5 ul Lipofectamine® 3000 was
diluted in 50 ul Opti-MEM. Each tube was gently mixed and
incubated for 20 min at room temperature. Subsequently, the two
solutions were added to each well and gently mixed. Cells were
incubated for 48 h before assessing transfection efficiency. The
same operating procedures were used for the miR-155-5p/CASP3
luciferase reporter assay using pMIR-CASP3-3'-UTR-WT and
pMIR-CASP3-3'-UTR-MUT vectors. At 48 h post-transfection,
cells were harvested and luciferase activities were measured using
the Dual-Luciferase® Reporter System (Promega Corporation),
according to the manufacturer's protocol. Firefly luciferase
activity was normalized to that of Renilla luciferase.

Statistical analysis. Statistical analyses were performed using
GraphPad Prism software (version 7; GraphPad Software Inc.).
Data are presented as the mean + standard deviation. P<0.05
was considered to indicate a statistically significant difference.
Comparisons among groups were analyzed using one-way
ANOVA followed by Tukey's post hoc test.

Results

KOA SF promotes PBMC-derived M1 macrophage polariza-
tion and inhibits macrophage apoptosis. The effects of SF
from patients with KOA on PBMC-derived macrophages were
assessed using RT-qPCR and FCM. KOA SF significantly
promoted the expression of M1-type markers by the macro-
phages (Fig. 1A), whilst partially reducing the expression of
M2-type markers (Fig. 1B) compared with macrophages incu-
bated in CM. The FCM results indicated that SF significantly
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Figure 1. KOA SF promotes PBMC-derived macrophage M1 polarization and inhibits macrophage apoptosis. The relative expression of (A) M1 and (B) M2
markers in PBMC-derived macrophages cultured with either KOA SF or CM for 12 h. CD86, iNOS and CD206 expression levels in PBMC-derived macro-
phages cultured with KOA SF or CM for 24 h were (C) determined by flow cytometry and (D) quantified. The grey shadow represents the isotype control.
Following treatment with or without 1% DMSO for 12 h in RPMI-1640 containing 10% FBS, PBMC-derived macrophages were cultured with KOA SF or
CM for 24 h. Apoptotic cells were (E) detected by flow cytometry (red box indicates apoptotic cells) and (F) quantified. "P<0.05, “P<0.01 and *“P<0.001.
KOA, knee osteoarthritis; SF, synovial fluid; PBMC, peripheral blood mononuclear cells; CM, control medium; iNOS, inducible nitric oxide synthase; IL,
interleukin; ARGI, arginase 1; Ym1, chitinase-like 3; NS, not significant; PI, propidium iodide.

promoted the expression of CD86 and iNOS, whilst reducing
the expression of CD206 in PBMC-derived macrophages
compared with those incubated with CM (Fig. 1C and D).
During OA, cartilage loses its integrity, where the number of
apoptotic chondrocytes and immune cells increases (6). The
mechanism underlying this increase in the presence of KOA SF
was therefore investigated by assessing its effects on macro-
phage apoptosis. In the presence and absence of 1% DMSO,
KOF SF inhibited PBMC-derived macrophage apoptosis
compared with those incubated with CM (Fig. 1E and F).
The results suggested that the increase in M1 macrophages in
KOA SF may be caused by the proinflammatory SF during the
progression of OA.

Expression of miR-155-5p is upregulated in KOA SF-derived
macrophages and KOA SF-cultured PBMC-derived macro-
phages. A recent study reported that miR-155-5p was
associated with OA (21). The expression level of miR-155-5p
was found to be upregulated in CD14* MON/Mc derived from
the SF of patients with KOA compared with that in CD14*
MON/Mc isolated from the PBMCs of patients with KOA
or healthy individuals (Fig. 2A). In addition, the expression
of SOCSI, a target of miR-155-5p, was revealed to be down-
regulated in CD14* MON/Mc derived from the SF of patients
with KOA compared with CD14* MON/Mc isolated from the
PBMC:s of patients with KOA or healthy individuals (Fig. 2B).
PBMC-derived macrophages cultured in KOA SF expressed
significantly higher levels of miR-155-5p compared with

macrophages cultured in CM (Fig. 2C). These results suggested
that miR-155-5p may serve an important role in polarizing
macrophages during OA progression.

KOA SF-induced promotion of PBMC-derived M1 macro-
phage polarization is associated with the miR-155-5p/SOCSI
signaling pathway. As a potential target of miR-155-5p,
SOCSI1-mediated inhibition of p-STAT]1 activity and promotion
of p-STAT6 activity to induce macrophage M2 polariza-
tion whilst inhibiting M1 macrophage polarization has been
extensively studied in RAW264.7 cells (16). Therefore, it was
hypothesized that miR-155-p serves a role in KOA-SF-induced
PBMC-derived M1 macrophage polarization via SOCSI.
Transfection with the miR-155-5p mimic significantly
increased miR-155-5p expression, whilst transfection with
the miR-155-5p inhibitor significantly reduced miR-155-5p
expression in PBMC-derived macrophages (Fig. 2D).
Following transfection with NC or miR-155-5p mimic for
24 h, PBMC-derived macrophages were cultured with CM
or KOA SF. The expression of miR-155-5p in PBMC-derived
macrophages transfected with miR-155-5p mimic was
upregulated compared with the CM NC group, while the
upregulation of miR-155-5p expression in PBMC-derived
macrophages cultured with KOA SF was not significantly
different compared with PBMC-derived macrophages cultured
with CM (Fig. 2E). Additionally, RT-qPCR results indicated
that SOCS1 expression was significantly increased in the
SOCSI1-WT and SOCS1-MUT groups compared with that in
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3’-UTR-WT or SOCS1 3-UTR-MUT. (K) The interaction between miR-155 and SOCSI1 was confirmed using a dual-luciferase reporter assay. ‘P<0.05, “P<0.01

s

and ""P<0.001. miR, microRNA; SOCSI, suppressor of cytokine signaling 1; KOA, knee osteoarthritis; SF, synovial fluid; PBMC, peripheral blood mononuclear
cells; CM, control medium; NC, negative control; p, phosphorylated; 3’-UTR, 3’-untranslated region; WT, wild-type; MUT, mutant; NS, not significant.

the control vector group (Fig. 2F). The expression of SOCS1
mRNA and protein in PBMC-derived macrophages cultured
with KOA SF or transfected with the miR-155-5p mimic was
found to be downregulated compared with that in the corre-
sponding control groups (Fig. 2G and H). In addition, the

activation of STAT1 was revealed to be increased whereas the
activation of STAT6 was found to be reduced in PBMC-derived
macrophages cultured with KOA SF or transfected with
miR-155-5p mimic compared with those in the corresponding
control groups (Fig. 2I). The online resource microRNA.org
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(http://www.microrna.org) predicted the targeted binding site
between miR-155-5p and the 3'-UTR SOCSI. Subsequently,
dual-luciferase reporters encoding the WT or MUT 3'-UTR
of SOCSI1 were constructed (Fig. 2J). Co-transfection with the
miR-155-3p mimic significantly inhibited the dual-luciferase
activity of the SOCS1 WT 3'-UTR SOCSI plasmid but not
that of the SOCS1 MUT 3'-UTR plasmid. By contrast, the
miR-155-5p inhibitor significantly enhanced the dual-lucif-
erase activity of the SOCS1 WT 3'-UTR plasmid but not that of
the SOCS1 MUT 3'-UTR (Fig. 2K). These results suggested a
regulatory relationship between miR-155 and SOCS1 mRNA.

Downregulation of miR-155-5p promotes SOCSI expres-
sion and inhibits M1 polarization of KOA SF-stimulated
PBMC-derived macrophages. Following transfection with the
NC inhibitor or miR-155-5p inhibitor for 24 h, PBMC-derived
macrophages were cultured with CM or KOA SF. The down-
regulation of miR-155-5p reversed the reduced SOCS1 mRNA
and protein expression by KOA SF (Fig. 3A-C). Furthermore,
PBMC-derived macrophages cultured in KOA SF exhibited
increased p-STAT1 and decreased p-STAT6 levels compared
with those in the CM group. However, in PBMC-derived macro-
phages transfected with the miR-155-5p inhibitor and cultured
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Figure 4. PBMC-derived macrophages are regulated by the miR-155-5p/CASP3 signaling pathway. (A-C) Following transfection with NC or miR-155-5p
mimic for 24 h, PBMC-derived macrophages were cultured with CM or KOA SF. The relative expression of CASP3 (A) mRNA and (B) protein. (C) The relative
expression of CASP3 and cleaved CASP3 in PBMC-derived macrophages treated with 1% DMSO. (D) The relative expression of CASP3 following transfection
with the control vector, CASP-WT or CASP-MUT. (E) The binding sites of miR-155-p on CASP3 3’-UTR-WT or CASP3 3’-UTR-MUT. (F) The potential

ok

interaction between miR-155 and CASP3 was verified using a dual-luciferase reporter assay., “P<0.01 and ““P<0.001. PBMC, peripheral blood mononuclear
cells; miR, microRNA; CASP3, caspase-3; NC, negative control; CM, control medium; KOA, knee osteoarthritis; SF, synovial fluid; 3°-UTR, 3’-untranslated

region; WT, wild-type; MUT, mutant; NS, not significant.

in KOA SF, the KOA SF-induced effects on STAT1 and STAT6
phosphorylation were reversed (Fig. 3C). In PBMC-derived
macrophages transfected with the miR-155-5p inhibitor, the
KOA SF-induced increased expression of IL-1f, IL-6, iNOS
and CD86 was reversed, however the reduced expression of
IL-10 and CD206 as a result of KOA-SF treatment was not
reversed (Fig. 3D, E, F and G). These observations indicated
further that KOA SF promoted M1 macrophage polarization
by increasing miR-155-5p, which targeted SOCSI1 to upregu-
late p-STAT1 activity whilst inhibiting p-STAT6 activity.

KOA SF-induced inhibition of PBMC-derived macrophage
apoptosisoccursviathemiR-155-5p/CASP3 signaling pathway.
miR-155-5p has been previously associated with apoptosis in
several cancer cell lines and carcinomas (23); therefore, it was
hypothesized that miR-155-5p may serve an important role in
KOA SF-induced suppression of PBMC-derived macrophage
apoptosis. The online microRNA, miRanda (http://www.
microrna.org), miRwalk (http://mirwalk.umm.uniheidelberg.
de) and miRTarbase (http:/mirtarbase.mbc.nctu.edu.tw) data-
bases predicted that CASP3 was a target gene of miR-155-5p,
whilst the microRNA .org database identified the target binding
site for miR-155 on the 3'-UTR of CASP3 mRNA (Fig. 4E).
The expression of CASP3 mRNA was found to be signifi-
cantly reduced in PBMC-derived macrophages cultured with
KOA SF or transfected with miR-155-5p mimic compared
with that in the corresponding control groups (Fig. 4A).
The expression of CASP3 and cleaved CASP3 were also
revealed to be decreased in PBMC-derived macrophages
cultured with KOA SF or transfected with miR-155-5p

mimic compared with those in the corresponding control
groups (Fig. 4B and C). Additionally, the RT-qPCR results
indicated that CASP3 expression was significantly increased
in CASP3-WT and CASP3-MUT groups compared with that
in the control vector group (Fig. 4D). To further investigate
the interaction between miR-155-5p and CASP3, WT and
MUT CASP3 3'-UTRs were cloned into the pMIR-reporter
plasmid (Fig. 4E). The dual-luciferase reporter assay indicated
that the luciferase activity of pMIR-CASP3-3'-UTR-WT, but
not pMIR-CASP3-3-UTR-MUT, was significantly decreased
by co-transfection with the miR-155-5p mimic and signifi-
cantly enhanced by transfection with the miR-155-5p inhibitor
compared that in the miR-NC group (Fig. 4F). These findings
indicated that KOA SF increased miR-155-5p-induced inhibi-
tion of macrophage apoptosis by targeting CASP3.

miR-155-5p downregulation promotes CASP3 expression
and enhances macrophage apoptosis. Following transfec-
tion with the NC inhibitor or miR-155-5p inhibitor for 24 h,
PBMC-derived macrophages were cultured with CM or
KOA SF. miR-155-5p downregulation was found to reverse the
KOA SF-induced downregulation of CASP3 mRNA and protein
expression (Fig. 5A and B). Furthermore, in 1% DMSO-treated
PBMC-derived macrophages, KOA SF reduced the expres-
sion of CASP3 and cleaved CASP3 (Fig. 5C). However, in
PBMC-derived macrophages transfected with the miR-155-5p
inhibitor, the reduced expression of CASP3 and cleaved
CASP3 by KOA SF was abolished (Fig. 5C). In addition, both
in the presence and absence of 1% DMSO treatment, KOA SF
treatment suppressed PBMC-derived macrophage apoptosis,



¥

2

o
b

Relative CASP3 mRNA fold change
o
T

LI et al: MACROPHAGE M1 POLARIZATION AND APOPTOSIS ARE REGULATED BY miR-155-5p

C
oyl

&

CASP-3

Cleaved CASP-3

GAPDH

+DMSO

SF NC inhibitor SF miR-155-5p inhibitor

+DMSO

Annexin V

Figure 5. Downregulation of miR-155-5p promotes CASP3 expression and enhances macrophage apoptosis. (A-E) Following transfection with NC or miR-155-5p
inhibitor for 24 h, PBMC-derived macrophages were cultured with CM or KOA SF. The relative expression of CASP3 (A) mRNA and (B) in PBMC-derived
macrophages. (C) The relative expression of CASP3 and cleaved CASP3 in PBMC-derived macrophages treated with 1% DMSO. PBMC-derived macrophage
apoptosis following treatment with or without 1% DMSO was (D) determined by flow cytometry (red box indicates apoptotic cells) and (E) quantified. "P<0.05
and “P<0.01. miR, microRNA; CASP3, caspase-3; NC, negative control; CM, control medium; KOA, knee osteoarthritis; SF, synovial fluid; PBMC, peripheral

blood mononuclear cells; PI, propidium iodide.

which was reversed by transfection with the miR-155-5p
inhibitor (Fig. 5D and E). These results indicated that CASP3 is
anovel target of miR-155-5p and that KOA SF inhibited macro-
phage apoptosis via the miR-155-5p/CASP3 signaling pathway.

Discussion

OA is a debilitating condition that affects millions of individ-
uals worldwide, where the only effective treatment strategies
available are knee and hip replacement surgeries (2). Therefore,
identifying the mechanism underlying OA is of substantial
importance. OA has a complex pathogenesis where its etiology
is remains to be completely elucidated (1). A previous study has
revealed that macrophages may serve as a major factor in the
acceleration of OA progression (7). In particular, miR-155-5p
has been previously found to associate with OA, where increased
miRNA-155-5p expression leads to the M1 polarization of the
RAW 264.7 macrophage cell line (27). It has also been reported
that miR-155 is involved in TNF-a-mediated inhibition of
osteogenesis differentiation, which directly targets a suppressor
of cytokine signaling 1 (SOCS]) to inhibit bone morphogenetic
protein 2-induced osteoblast differentiation (32). In the present

study, PBMC-derived macrophages cultured in KOA SF
displayed upregulated expression of M1 markers, reduced apop-
tosis and increased miR-155-5p expression compared with those
cultured in CM. The present study investigated the relationship
between macrophage phenotype, apoptosis and KOA. The
results indicated that the proinflammatory microenvironment
of KOA SF may favor M1 macrophage polarization by upregu-
lating miR-155-5p whilst inhibiting M1 macrophage apoptosis.
Therefore, the results of the present study may provide an expla-
nation for the increased ratio of total to M1-like macrophages
in the granulocyte cell population during KOA progression. In
addition, the results of the present study suggested that KOA SF
altered PBMC-derived macrophages M1 polarization via the
miR-155-5p/SOCSI signaling pathway. CASP3 was subse-
quently identified as a novel target of miR-155-5p, where the
results indicated that KOA SF inhibited macrophage apoptosis
through the miR-155-5p/CASP3 signaling pathway. Based
on the results of the aforementioned study (33), the present
study suggested that KOA SF promoted PBMC-derived M1
macrophage polarization via the miR-155-5p/SOCSI signaling
pathway and inhibited macrophage apoptosis via the same
signaling pathway.
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It should be noted that the present study has a number of
limitations. Since the infiltration of MON/Mcs in patients with
OA was not investigated, the possibility that MON/Mc infiltra-
tion may affect the ratio of macrophages in the granulocyte cell
population cannot not be ruled out. In addition, miR-155-5p was
one of the most important elements that affected macrophage
polarization phenotype and apoptosis in KOA SF vs. CM, but
other factors can be involved. Further studies are required to
explore the mechanism underlying the effect of the KOA SF
microenvironment on macrophage polarization, phenotype
and apoptosis. Based on the results of the present study, it was
hypothesized that targeting the inflammatory KOA SF and
macrophage polarization may delay or prevent OA progres-
sion. Further investigation into the potential of miR-155-5p as
a therapeutic target for KOA is required.
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