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Abstract. Macrophages that differentiate from precursor 
monocytes can be polarized into a classically activated (M1) 
or alternatively activated (M2) status depending on different 
stimuli. Generally, interferon  (IFN)-γ and lipopolysaccha-
ride  (LPS) are considered the classical stimuli with which 
to establish M1 polarization. IFN regulatory factor  (IRF)1 
and IFN-β are two crucial molecules involved in IFN-γ- and 
LPS-initialed signaling. However, the association between 
IRF1 and IFN-β in the context of the M1  polarization of 
macrophages is not yet fully understood. In this study, we 
demonstrate that U937-derived macrophages, in response to 
IFN-γ and LPS stimulation, readily acquire an M1 status, indi-
cated by the increased expression of interleukin (IL)-12, IL-6, 
IL-23, tumor necrosis factor  (TNF)-α and the M1-specific 
cell surface antigen,  CD86, and the decreased expression 
of the M2-specific mannose receptor, CD206. However, the 
knockdown of IRF1 in U937-derived macrophages led to an 
impaired M1 status, as indicated by the decreased expression of 
the above-mentioned M1 markers, and the increased expression 
of the M2 markers, CD206 and IL-10. A similar phenomenon 
was observed in the M1 macrophages in which IFN-β was 
inhibited. Furthermore, we demonstrated that IRF1 and IFN-β 
may interact with each other in the IFN-γ- and LPS-initiated 
signaling pathway, and contribute to the IRF5 regulation 
of M1 macrophages. In addition, the conditioned medium 
collected from the M1 macrophages in which IRF1 or IFN-β 
were inhibited, exerted pro-tumor effects on the HepG2 and 
SMMC-7721 cells, as indicated by an increase in proliferation, 
the inhibition of apoptosis and an enhanced invasion capability. 
The findings of our study suggest that the interactions of IRF1, 
IFN-β and IRF5 are involved in the M1 polarization of macro-

phages and have antitumor functions. These data may provide a 
novel antitumor strategy for targeted cancer therapy.

Introduction

Macrophages are a heterogeneous and plastic cell population, 
which play crucial roles in the innate and adaptive immune 
response. They can undergo a phenotypically dynamic switch in 
response to different microenvironments (1). In general, two major 
macrophage subsets, including classically activated (M1) and 
alternatively activated (M2) macrophages, have long been recog-
nized (2-4). M1 macrophages are classically induced by T helper 
type 1 (Th1) cytokines, such as interferon (IFN)‑γ, and bacterial 
lipopolysaccharide (LPS). They express high levels of CD86, as 
well as a profile of pro-inflammatory cytokines, such as inter-
leukin (IL)-12, IL-23, IL-6 and tumor necrosis factor (TNF)-α, 
but low levels of CD206, and the anti-inflammatory cytokines, 
IL-10 and transforming growth factor (TGF)-β. By contrast, 
M2 macrophages are induced by T helper type 2 (Th2) cyto-
kines, such as IL-4. They are characterized by a high expression 
of CD206, IL-10 and TGF-β, and a low expression of CD86 and 
a set of pro-inflammatory cytokines (5-10).

Macrophages play different roles in diseases, depending on 
their distinct phenotypes (2,11,12). In tumor immunity, there 
is accumulating evidence to indicate that M1 macrophages 
are tumoricidal. It has been demonstrated that M1 macro-
phages are the dominant subset in colon carcinomas, which 
was related to diminished metastasis and increased survival 
rate (14). However, M2 macrophages facilitate tumor progres-
sion by promoting migration, angiogenesis and invasion (13). 
It has been reported that a high M1/M2 ratio is associated 
with an improved survival in solid tumors, and the presence of 
M2 macrophages is considered responsible for a poor prognosis 
and enhanced disease progression in breast cancer  (14,15). 
Collectively, macrophage polarization may have promising 
applications in the field of tumor immune therapy.

It has been well established that IFN-γ and LPS are two 
key stimuli which induce the M1  polarization of macro-
phages (2,16). Although IFN-γ and LPS play significant roles 
in the activation of M1 macrophages, they mediate distinct 
pathways. IFN-γ exerts its biological effects primarily by 
activating the Janus kinase 1 (JAK1)/signal transducer and 
activator of transcription  (STAT)1 signaling pathway  (17). 
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Interferon regulatory factor (IRF)1, a transcriptional regulator, 
is only weakly expressed in resting macrophages, but can be 
strongly upregulated by IFN-γ stimulation (18,19). In macro-
phages, IRF1 takes part in the regulation of IL-12 and inducible 
nitric oxide synthase (iNOS) (20,21). On the other hand, LPS 
is recognized by Toll-like receptor 4 (TRL4) and activates 
MyD88-dependent or TRIF-dependent pathways (22). IFN-β is 
one of the significant molecules involved in the TRIF-dependent 
pathway (23). It has also been demonstrated that IFN-β plays a 
role in the regulation of IL-12p70 production in granulocyte-
macrophage colony-stimulating factor  (GM-CSF)-induced 
bone marrow-derived macrophages (GM-BMM) (24); however, 
the mechanisms involved remain unclear. It should be noted that 
IRF1 was originally discovered as a transcriptional activator 
of IFN-β in virus infected fibroblasts (25). Moreover, IRF1 
can bind to the IFN-stimulated responsive element (ISRE)/
IRF-E site induced by IFN-β (26). Furthermore, it has been 
clearly demonstrated that IRF1 nuclear expression in human 
monocytes is principally induced by a combination of IFN-γ 
and LPS, rather than by either stimuli alone, which differs from 
that in mouse peritoneal macrophages or RAW 264.7 cells (27). 
Therefore, we could envisage the possible synergistic action of 
IRF1 and IFN-β, which are involved in the two independent, 
but complementary pathways induced by IFN-γ and LPS in the 
M1 polarization of macrophages.

In addition, several recent studies have identified a dual 
function of IRF5 in activating M1 genes (IL-12p35, IL-12p40, 
IL-23p19, IL-6 and TNF-α), while suppressing M2 genes (IL-10 
and TGF-β) (28-30). Human IRF5 presents multiple alterna-
tively spliced isoforms (V1-V9), which are cell type-specific. It 
has been shown that V1 and V3 possess different transcription 
start sites and are modulated by two distinct promoters. The 
V1 promoter (P-V1) contains the IRF-E consensus binding 
site, and the V3 promoter (P-V3) contains an ISRE-binding 
site (31). Interestingly, both IRF-E and ISRE can be recog-
nized by IRF1 (32) or by the transcripts complex induced by 
IFN-β (33,34). However, the involvement of the interaction of 
IRF1, IFN-β and IRF5 in the M1 polarization of macrophages 
not yet fully understood.

Based on above-mentioned data, we could reasonably 
hypothesize that there may exist a certain association between 
IRF1, IFN-β and IRF5, and the M1 polarization of macro-
phages, or that the three may interact with each other to promote 
the M1 polarization of macrophages. Therefore, in this study, 
we examined the interactions of IRF1 and IFN-β, particularly 
the regulation of IRF5, and their role in the M1 polarization of 
macrophages and M1 macrophage-mediated antitumor effects 
on hepatocellular carcinoma (HCC) cell lines.

Materials and methods

Cell culture. The monocyte cell line, U937, was obtained from 
the American Type Culture Collection  (ATCC; Manassas, 
VA, USA). The cells were maintained in RPMI-1640 
medium  (HyClone, Logan, UT, USA), supplemented with 
10% fetal bovine serum (FBS; Biological Industries, Kibbutz 
Beit-Haemek, Israel) and 1%  penicillin and streptomycin. 
According to previous studies  (10,35,36), U937 monocytes 
were differentiated into unpolarized macrophages (M0) by 
5  ng/ml phorbol 12-myristate 13-acetate  (PMA)  (S1819; 

Beyotime Biotechnology, Jiangsu, China) for 48 h. To establish 
the M1 polarization of macrophages, the M0 macrophages 
were stimulated with 20 ng/ml IFN-γ (no. 300-02; Peprotech, 
Rocky Hill, NJ, USA) and 100 ng/ml LPS (no. LZ880; Sigma-
Aldrich, St. Louis, MO, USA) for an additional 24 h.

SMMC-7721 HCC cells were obtained from the Shanghai 
Institutes for Biological Sciences (Shanghai, China). HepG2 
HCC cells were obtained from ATCC. The cells were both 
maintained in DMEM (HyClone), supplemented with 10% FBS 
(Biological Industries) and 1% penicillin and streptomycin.

Analysis of macrophage surface marker expression. 
Phenotypic analysis of the macrophages was performed using 
flow cytometry. In brief, the cells were collected and washed 
3 times with ice-cold PBS. Firstly, the cells were incubated 
with ice-cold PBS containing 5% mice serum at 4˚C to avoid 
non-specific binding. The cells were then stained for anti‑human-
CD86-PE (no. 305405) or anti-human-CD206-PE (no. 321105) 
antibodies (both from BioLegend, San Diego, CA, USA) for 
30 min. After immunostaining, the cells were washed twice 
with PBS and analyzed using the BD Influx™ cell sorter flow 
cytometer  (BD  Biosciences, San  Jose, CA, USA). Isotype 
control cells used for non-specific background staining were 
stained with PE-labeled mouse IgG1Κ iso control PE (E11418-
1634; eBioscience, Inc., San Diego, CA, USA).

Enzyme-linked immunosorbent assay  (ELISA). After the 
U937‑M0 cells were stimulated with IFN-γ (20 ng/ml) and 
LPS (100 ng/ml) for 24 h, the supernatant was collected and 
centrifuged at 1,800 x g at 4˚C for 10 min. The IL-12p70 and 
IL-10 secretion levels were measured using ELISA MAX™ 
Deluxe Sets (nos. 431706 and 430607; BioLegend). The IFN-β 
levels were measured using an ELISA kit for human IFN-β 
(SEA222Hu; Cloud-Clone Corp., Houston, TX, USA) in accor-
dance with the manufacturer's instructions. Each experiment 
was repeated 3 times. The final outcomes were pooled as the 
average concentration of cytokines.

Western blot analysis. According to the above-mentioned cell 
culture, the M1 macrophages were collected and total protein 
was extracted using radio immunoprecipitation assay (RIPA) 
lysis buffer (Roche Diagnostics, Basel, Switzerland) and phenyl-
methanesulfonyl fluoride (PMSF; Beyotime Biotechnology) at 
100:1. The protein concentration was quantified by BCA assay. 
The supernatant containing 40 µg total protein was extracted 
for electrophoresis on a 12% sodium dodecyl sulfate gel (SDS; 
Beyotime) and then transferred onto 0.45 nm polyvinylidene 
fluoride membranes (PVDF; Millipore, Billerica, MA, USA). 
After being blocked with 5%  non-fat powdered milk in 
Tris‑buffered saline containing 0.1% Tween‑20 (TBST) for 1.5 h, 
the membranes were incubated at 4˚C overnight with moloclonal 
rabbit anti-IRF1  (D5E4) or anti-IRF5  (E1N9G) antibodies 
(1:1,000; Cell Signaling Technology, Danvers, MA, USA) or 
rabbit anti-β-actin antibody (1:1,000, YT0099; ImmunoWay 
Biotechnology, Co., Newark, DE, USA) as the primary anti-
bodies. This was followed by incubation with horseradish 
peroxidase-conjugated AffiniPure goat anti-rabbit secondary 
antibody (1:2,000, ZB-2301; ZSGB-BIO, Beijing, China) at room 
temperature for 2 h. The immunoreactive complexes were visu-
alized by enhanced chemiluminescence (ECL) (Millipore). The 
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intensities of the protein bands were quantified using Bio-Rad 
Quantity One software (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA). β-actin antibody was used to normalize the results.

Total RNA isolation and reverse transcription-quantitative 
PCR (RT-qPCR). The U937 cells were stimulated with PMA or 
IFN-γ + LPS for 2, 4, 6, 8, 12 and 24 h. Total RNA was isolated 
from the macrophages using TRIzol reagent (Takara Bio, Inc., 
Otsu, Japan) and a total of 1 µg of RNA was subjected to reverse 
transcription reactions using the PrimeScript™ RT reagent 
kit  (no. RR047A; Takara Bio,  Inc.) in accordance with the 
manufacturer's instructions. qPCR was conducted with SYBR 
Premix Ex Taq™ Ⅱ (no. RR820A; Takara Bio,  Inc.) on the 
Bio-Rad CFX-Connext Real-Time PCR Detection system (Bio-
Rad, Philadelphia, PA, USA) with the following steps: 95˚C for 
10 sec, 59˚C for 30 sec, and 72˚C for 30 sec for 39 cycles. The 
primers specific for our target genes are listed in Table Ι. β‑actin 
was used as an internal control for normalization. The data were 
analyzed using the 2-ΔΔCt method. Each experiment was repeated 
3 times. All RT-qPCR reactions were performed in triplicate.

Neutralization of IFN-β. To determine the effects of IFN-β 
on the polarization of macrophages, anti-IFN-β antibody 
(no Ab6979; Abcam Inc., Cambridge, MA, USA) was utilized 
to neutralize IFN-β secreted in the supernatant according 
to the manufacturer's instructions. Briefly, the anti-IFN-β 
antibody was added to the medium after the U937 cells were 
treated with PMA. Three hours later, the cells were stimu-

lated with IFN-γ and LPS for different periods of time for the 
next experiment.

Small interfering RNA (siRNA)-mediated gene knockdown. 
The unpolarized macrophages (M0) were treated with siRNA 
specific to IRF1 or IFNB1 (RioboBio Co., Guangzhou, China). 
Non-targeting siRNA served as the control (siC). Three siRNA 
sequences were designed for the siRNAs specific to IRF1 
or IFNB1 . The one that had the highest silencing efficiency 
was used in the following experiments. siRNA transfection 
was performed using the RNAiMAX reagent (no. 13778100; 
Invitrogen Trading Co., Ltd, Shanghai, China) according to 
the manufacturer's instructions. Briefly, RNAiMAX reagent 
and siRNA were diluted with Optimedium, respectively, and 
then mixed gently in an equal volume at room temperature 
for 20 min. Subsequently, 500 µl mixture and 1.5 ml complete 
RPMI-1640 medium without penicillin and streptomycin were 
added to each well of a 6‑well plate. The cells were counted 
under a microscope before they were added to the 6-well plate 
and approximately 1x106 cells were added to each well. After 
6 h, the medium was changed and the cells were stimulated with 
IFN-γ (20 ng/ml) and LPS (100 ng/ml) as mentioned above for 
the following experiment. The silencing efficiency was evalu-
ated by RT-qPCR and western blot analysis or ELISA.

Preparation of conditioned medium (CM). To evaluate the 
antitumor effects of M1 macrophages with different treatments 
on HCC, we collected the CM as follows: the U937 cells were 

Table I. Sequences of oligonucleotide primers used for RT-qPCR.

Gene	 Sequence	 Orientation	 Amplification size (bp)

β-actin (NM_001101.3)	 CTGGGACGACATGGAGAAAA	 Sense	 564
	 AAGGAAGGCTGGAAGAGTGC	 Antisense
p40 (NM_002187.2)	 CTCTGGCAAAACCCTGACC	 Sense	 85
	 GCTTAGAACCTCGCCTCCTT	 Antisense
p35 (NM_000882.3)	 ACCAGGTGGAGTTCAAGACC	 Sense	 134
	 TGGCACAGTCTCACTGTTGA 	 Antisense
IL-10 (NM_000572.2)	 GATGCCTTCAGCAGAGTGAA	 Sense	 93
	 ACCCTTAAAGTCCTCCAGCA	 Antisense	
IFNB1 (NM_002176.2)	 AGGACAGGATGAACTTTGAC	 Sense	 183
	 TGATAGACATTAGCCAGGAGGTT	 Antisense
IRF5 (NM_001098627.2)	 AGGGCTTCAATGGGTCAAC	 Sense	 141
	 ACGCCTTCGGTGTATTTCC	 Antisense
IRF1 (NM_002198.2)	 GCTGGGACATCAACAAGGAT	 Sense	 164
	 CCTGCTCTGGTCTTTCACCT	 Antisense
IL-6 (NM_000600.3)	 ATGTGTGAAAGCAGCAAAGAG	 Sense	 111
	 CACCAGGCAAGTCTCCTCA	 Antisense
IL-23p19 (NM_016584)	 AATCCTTCGCAGCCTCCA	 Sense	 105
	 TGAGTGCCATCCTTGAGC	 Antisense
TNF-α (NM_000594)	 CGAGTGACAAGCCTGTAGCC	 Sense	 172
	 TTGAAGAGGACCTGGGAGTAG	 Antisense

IL, interleukin; IFN, interferon; IRF, interferon regulatory factor; TNF, tumor necrosis factor.
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treated with PMA as mentioned above. Following differentia-
tion, the macrophages were washed slightly with PBS and the 
following additives were added to the medium: PBS served 
as the control; 20 ng/ml IFN-γ and 100 ng/ml LPS were used 
to generate M1 macrophages; siRNA against IRF1 or IFNB1 
and negative control siRNA were used prior to IFN-γ/LPS 
stimulation; 2.7  ng/ml neutralized monoclonal anti-IFN-β 
monoclonal antibody was used prior to IFN-γ/LPS stimulation. 
The cells were transfected with the siRNA for 6 h or subjected 
to anti-IFN-β antibody neutralization for 3 h. The medium was 
removed and the cells were washed with PBS carefully. The 
cells were then stimulated with IFN-γ/LPS for 24 h. The super-
natant was collected from 6 groups of cells, labeled as follows: 
i)  CM-control; ii)  CM-M1; iii)  CM-siRNA control  (siC); 
iv) CM-siRNA against IRF1 (siIRF1); v) CM-siRNA against 
IFNB1 (siIFNB1); and vi) CM-anti-IFN-β antibody (Ab). For 
culture with HCC cells, all the CM were mixed with an equal 
volume of complete DMEM (80% DMEM + 20% FBS + 1% 
penicillin and streptomycin).

Cell proliferation assay. To examine the effects of CM on the 
the proliferation of HCC cells, the viable cells were monitored 
using the Cell Counting Kit-8 (CCK-8) (Dojindo, Tokyo, Japan). 
Briefly, the HCC cells were seeded in 96-well plates at a density 
of 3x103 cells/well and were cultured in the different CMs for 
24, 48, 72, 96 and 120 h. The viable cells were examined by 
CCK-8 assay according to the manufacturer's instructions. Five 
reduplicative wells were used for each group. Each experiment 
was repeated 3 times.

Analysis of apoptosis. To evaluate the effects of CM on the 
apoptosis of HCC cells, flow cytometry was applied. Briefly, 
the SMMC-7721 and HepG2 cells (5x105) were cultured in 
6-well plates and treated with different CM for 72 h. The cells 
were washed twice with cold PBS after being harvested, and 
then re-suspended with 400 µl cold PBS. Annexin V-FITC and 
PI (BD Biosciences, San Jose, CA, USA) were added to each 
well. The cells were incubated in the dark at room temperature 
for 15 min and were examined using an influx cell sorter flow 
cytometer (BD Biosciences) immediately. Each experiment 
was repeated 3 times.

Transwell invasion assay. To evaluate the effects of CM 
on the invasion of HCC cells, the Transwell invasion assay 
was performed using 24-well 8  µm pore size Transwell 
plates  (Millipore) coated with Matrigel (1:3  dilution) 
(BD Biosciences). Briefly, a total of 1x105 cells suspended in 
200 µl serum-free medium containing 0.1% BSA was added to 
the upper chamber. The lower chamber was filled with 600 µl 
CM. Following incubation for 24 h, the non-invaded cells in the 
upper side of the chamber were carefully removed by scraping. 
The cells that had invaded into the lower side of the chamber 
were fixed with 0.4% paraformaldehyde for 20 min and stained 
with 0.1% crystal violet for 10 min. Images were then captured 
using a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan) at 
x100 magnification. Five fields for each group were randomly 
selected to be subjected to statistical analysis.

Statistical analysis. All experiments were repeated at 
least 3  times independently. The data are presented as the 

means  ±  standard error of the mean  (SEM) in this study. 
Statistical analyses were performed using SPSS software 
version 17.0 software (SPSS,  Inc., Chicago, IL, USA). An 
independent sample t-test or one-way ANOVA were used to 
determine the differences between 2 groups. A value of P<0.05 
was considered to indicate a statistically significant difference.

Results

U937 cells stimulated with IFN-γ and LPS readily acquire 
an M1 status. U937 is a monocytic tumor cell line, which 
extensively serves as the precursor of macrophages with 
some specific treatments (10,35). The genetic profile typical 
of the M1 phenotype, which includes the IL-12p35, IL-12p40, 
IL-23p19, IL-6 and TNF-α genes, and the M2 cytokine, IL-10, 
were detected using RT-qPCR. The protein levels of IL-12p70 
and IL-10 were detected by ELISA. As expected, the U937 
cells stimulated with IFN-γ and LPS exhibited a higher mRNA 
expression of IL-12p35, IL-12p40, IL-23p19, IL-6 and TNF-α 
than the unstimulated  (PMA alone-treated) cells  (P<0.01; 
Fig. 1A). The IFN-γ- and LPS-stimulated U937 cells exhibited 
a higher secretion of IL-12p70 than the PMA-treated cells [not 
detected (n.d.)] (Fig. 1B). Of note, the M2 associated cytokine, 
IL-10, was also expressed at higher levels in the IFN-γ- and 
LPS-stimulated cells than in the PMA-treated ones (Fig. 1B).

Furthermore, the surface markers, CD86 (M1-specific) and 
CD206 (M2-specific), were analyzed by flow cytometry. A 
higher expression of CD86 was detected in response to IFN-γ 
and LPS stimulation compared to the unstimulated (PMA alone-
treated) cells (P<0.001; Fig. 1C and D). However, no significant 
difference in CD206 expression was observed between the 
IFN-γ/LPS stimulated and unstimulated (PMA alone-treated) 
U937 cells, and it was poorly expressed in all cell groups (Fig. 1C 
and D). These data collectively demonstrate that U937 cells can 
be polarized to an M1 status by stimulation with IFN-γ/LPS.

Upregulation of IRF1, IFN-β and IRF5 in U937-M1 macro-
phages. Studies have shown that IRF1 and IFN-β are crucial 
molecules involved in the IFN-γ- and LPS-initiated activation 
of signaling pathways (the IFN-γ/STAT1/IRF1 and LPS/
TLR4/TRAM/TRIF pathways)  (17,18,23). Recent studies 
have also revealed that IRF5 plays a crucial role in the regula-
tion of M1  macrophages  (28,29). Therefore, we wished to 
determine whether these 3 molecules are upregulated in the 
U937-M1 model. As shown in Fig. 2A, it was observed that the 
mRNA expression of IRF1, IFNB1 and IRF5 was significantly 
upregulated by stimulation with IFN-γ and LPS (P<0.05 and 
P<0.01). IRF1 and IFNB1 exhibited a similar tendency in expres-
sion; both reached peak levels at 4 h of stimulation with IFN-γ 
and LPS. However, IRF5 expression reached peak levels at 6 h. 
In addition, the protein levels of IFN-β, IRF1 and IRF5 were 
examined by ELISA or western blot analysis. Consistent with 
above-mentioned increase in the mRNA levels, increased protein 
expression levels of IRF1, IFN-β and IRF5 were detected in the 
IFN-γ/LPS-stimulated U937 cells compared with the unstimu-
lated (PMA alone-treated) cells (Fig. 2B and C). Collectively, 
these results indicate that IRF1, IFN-β and IRF5 are upregulated 
in U937-M1 macrophages. These results prompted us to further 
investigate the roles they play in the M1 polarization of macro-
phages and in M1-mediated antitumor effects.
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Figure 1. Expression of cytokines and markers of U937-macrophages stimulated with interferon-γ (IFN-γ) and lipopolysaccharide (LPS). (A) RT-qPCR analysis 
of M1-associated genes, including IL-12p40, IL-12p35, IL-23p19, IL-6 and TNF-α, and the M2-associated gene, IL-10, in U937 unstimulated (only treated 
with 5 ng/ml PMA; labeled as PMA) or stimulated with IFN-γ (20 ng/ml) and LPS (100 ng/ml) (labeled as IFN-γ + LPS) for 8 h, **P<0.01. (B) ELISA of the 
IL-12p70 and IL-10 secretion levels in PMA or IFN-γ + LPS group, *P<0.05. (C) The raw flow cytometry fluorescence data are representative of 3 independent 
experiments for CD86 and CD206 expression; staining profiles of PMA or IFN-γ + LPS-stimulated U937 cells. The percentage of positive cells and mean 
fluorescence intensities (MFIs) are denoted. (D) Histograms shows surface staining for CD86 and CD206 expression on PMA or IFN-γ + LPS-stimulated U937 
cells, **P<0.001. Data were calculated from 3 independent experiments.

Figure 2. High expression of interferon regulatory factor (IRF)1, interferon-β (IFN-β) and IRF5 in M1 macrophages stimulated with interferon-γ (IFN-γ) and 
lipopolysaccharide (LPS). (A) RT-qPCR analysis of IRF1, IFN-β and IRF5 mRNA in PMA or IFN-γ + LPS stimulated U937 cells for 2, 4, 6, 8, 12 and 24 h. Results 
are presented relative to those of unstimulated macrophages (0 h), *P<0.05, **P<0.01. (B) ELISA of IFN-β secretion in supernatant in PMA or IFN-γ + LPS treated 
U937 cells for 24 h, **P<0.01. (C) Western blot analysis of IRF1 and IRF5 in cell lysate from PMA or IFN-γ + LPS treated U937 cells for 24 h, **P<0.01. Actin was 
used as an internal control for both RT-qPCR and western blot analysis. Western blot analysis data were calculated from 3 individual experiments.
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IRF1 affects U937-M1  macrophage polarization status. 
Given that IRF1 can be upregulated several fold in IFN-γ-
stimulated macrophages or in dendritic cells (DCs) as opposed 
to resting DCs or macrophages (20) and given its role in IL-12 
regulation (20), and taking our above-mentioned findings into 
consideration, the role of IRF1 in M1 polarization was investi-
gated following transfection of the cells with siRNA targeteing 
IRF1 (siIRF1). The silencing efficiency of 3 siIRF1s was deter-
mined at the mRNA and protein level by RT-qPCR and western 
blot analysis  (Fig. 3A). siIRF1‑2 had the highest silencing 
efficiency (P<0.01); thus, siIRF1-2 (termed siIRF1) was used in 
the following experiments. Marked differences in the levels of 
phenotypic markers were observed between the siIRF1-trans-
fected U937-M1 macrophages and the siC (control)-transfected 
cells (Fig. 3B). The siIRF1-transfected U937-M1 cells exhib-
ited a generally downregulated expression of M1  genes, 
including IL-12p35, IL-12p40, IL-23p19, IL-6 and TNF-α, 
but an enhanced expression of the M2 gene, IL-10, compared 
with the siC-transfected U937-M1 cells  (P<0.01; Fig.  3B). 
Furthermore, we detected the amount of IL-12p70 and IL-10 

secreted in supernatant by ELISA, and observed that upon 
IRF1 knockdown, no production of IL-12p70 was detected. 
However, an enhanced production of IL-10 was observed in 
the siIRF1-transfected U937-M1 macrophages compared to the 
siC-transfected U937-M1 cells (P<0.05; Fig. 3C).

Moreover, the M1-specific marker, CD86, and the 
M2-specific marker, CD206, were analyzed by flow cytometry. 
As shown in Fig. 3D and E, an increased expression of CD206 
was detected in the siIRF1-transfected U937-M1 cells compared 
with siC-transfected U937-M1 cells (P<0.05; Fig. 3D and E). 
Although the reduction in CD86 expression did not reach a level 
of significance between the siIRF1-transfected M1 macrophages 
and the siC-transfected M1 macrophages, an obvious decreasing 
trend in its expression was observed in the siIRF1-transfected 
M1 macrophages. These data suggest that IRF1 is involved in the 
M1 polarization of macrophages, as indicated by the expression 
of M1/M2-associated markers and cytokines.

Inhibition of IFN-β affects the M1 status induced by stimu-
lation with IFN-γ and LPS. A recent study reported that 

Figure 3. Interferon regulatory factor 1 (IRF1) regulates the expression of macrophage polarization–specific cytokines. (A) RT-qPCR analysis of the silencing 
efficiency of 3 siRNAs targeting IRF1, **P<0.01. Western blot analysis of the silencing efficiency of siIRF1-2, *P<0.05. The western blot analysis chart is a 
representative of 3 independent experiments. (B) RT-qPCR analysis of the mRNA expression of IL-12p40, IL-12p35, IL-23p19, IL-6, TNF-α and IL-10 in 
M1 macrophages transfected with siIRF1-2 (siIRF1) or the control siRNA (siC), **P<0.01. (C) ELISA of IL-12p70 and IL-10 secretion in M1 macrophages 
transfected with siIRF1-2 (siIRF1) or siC, *P<0.05, **P<0.01; n.d, not detected. (D) Histograms showing surface staining for CD86 and CD206 expression on 
siIRF1- or siC-transfected U937-M1 cells, *P<0.05. Data were calculated from 3 independent experiments. (E) The raw flow cytometry fluorescence data are 
representative of 3 independent experiments for CD86 and CD206 expression; staining profiles of U937-M1 cells transfected with siIRF1 or siC. The percentage 
of positive cells and mean fluorescence intensities (MFIs) are denoted.
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IFN-β is expressed in high levels in classically polarized 
macrophages  [(THP-CAM) (M1)], whereas it is expressed 
in low levels in alternatively activated macrophages [(THP-
AAM)  (M2)]  (37). It has also been demonstrated that the 
expression of the M1-specific marker, IL-12p70, is impaired 
in IFNAR1-/-  GM-BMM  (M1), and is enhanced by exog-
enous IFN-β in GM-BMM (24). In this study, we inhibited 
IFN-β with anti-IFN-β neutralizing antibody or siRNA 
targeting the IFNB1 gene (siIFNB1). The neutralizing and 
silencing efficiency were examined by RT-qPCR and ELISA, 
respectively (Fig. 4A and B). We found that siIFNB1-3 had 
the highest silencing efficiency  (P<0.001; Fig.  4A); thus, 
siIFNB1-3 (termed siIFNB1) was used in the following experi-
ments. The secretion level of IFN-β was decreased in the 
siIFNB1-transfected U937-M1 cells and in the cells in which 
IFN-β had been neutralized (Ab) compared with the control 
siRNA (siC)-transfected U937-M1 cells (P<0.05; Fig. 4B). It 
was observed that with the use of either siIFNB1 or IFN-β 
neutralizing antibody (Ab), the U937-M1 cells exhibited a 
significantly reduced expression of M1-associated genes, 
including IL-12p35, IL-12p40, IL-23p19, IL-6 and TNF-α, 

but an enhanced expression of the M2-associated gene, IL-10, 
compared with the siC-transfected U937 cells (P<0.05 and 
P<0.01; Fig. 4C and D). As regards IL-12p70, its secretion was 
significantly decreased in the IFN-β-neutralized U937-M1 
cells, and its secretion levels were even undetectable in the 
siIFNB1-transfected U937-M1 cells. However, as regards 
IL-10, its secretion was increased by 2-fold in the IFN-β-
neutralized U937-M1 cells and in the siIFNB1-transfected 
U937-M1 cells compared with the siC-transfected and IFN-γ/
LPS-stimulated U937-M1 cells (P<0.05 and P<0.01; Fig. 4G 
and H).

The expression of CD86 and CD206 did not reach a level 
of significance between the siIFNB1-transfected M1 and 
the siC-transfected M1 macrophages; however, an obvious 
increasing trend in CD206 expression and a decreasing trend 
in CD86 expression was observed in the siIFNB1-transfected 
M1 macrophages (Fig. 4E and F). The impaired expression 
of M1-associated markers and the enhanced expression of 
M2-associated markers observed following the inhibition of 
IFN-β in the U937-M1 macrophages suggests that endogenous 
IFN-β is required to maintain the M1 polarization status.

Figure 4. Interferon-β (IFN-β) affects the expression of macrophage polarization-specific cytokines. (A) RT-qPCR analysis of the silencing efficiency of siIFNB1, 
**P<0.01. (B) ELISA of the silencing efficiency of siIFNB1-3 or neutralizing efficiency of anti-IFN-β, *P<0.05. (C and D) RT-qPCR analysis of mRNA expression 
of IL-12p40, IL-12p35, IL-23p19, IL-6, TNF-α, and IL-10 in M1 macrophages transfected with siIFNB1-3 (siIFNB1) or siC, or neutralized with anti-IFN-β 
antibody (Ab), *P< 0.05, **P<0.01. (E) Histograms showing surface staining for CD86 and CD206 expression on siIFNB1- or siC-transfected U937-M1 cells. 
Data were calculated from 3 independent experiments. (F) The raw flow cytometry fluorescence data are representative of 3 independent experiments for CD86 
and CD206 expression on U937-M1 transfected with siIFNB1 or siC. The percentage of positive cells and mean fluorescence intensities (MFIs) are denoted. 
(G and H) ELISA of the IL-12p70 and IL-10 secretion by M1 macrophages transfected with siIFNB1 or siC or neutralized with anti-IFN-β antibody. Data were 
calculated from 3 independent experiments. *P<0.05, **P<0.01; n.d, not detected.
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Association between IRF1 and IFN-β in the regulation 
of M1  polarization. To further investigate the underlying 
mechanism of M1  polarization associated with IRF1 and 
IFN-β, the expression of IFN-β in the siIRF1-transfected 
U937-M1 cells was detected. The expression of IRF1 in the 
IFN-β-neutralized U937-M1 was also examined. As shown in 
Fig. 5A and C, the siIRF1-transfected U937-M1 cells exhibited 
a decreased expression of IFN-β at both the mRNA and protein 
level  (P<0.05). Concordantly, the decreased expression of 
IRF1 at both the mRNA and protein level was observed in the 
siIFNB1-transfected U937-M1 cells (P<0.05; Fig. 5B and E) 
and in the IFN-β-neutralized (Ab) U937-M1 cells (Fig. 5F).

Furthermore, the decreased mRNA and protein expression 
of IRF5 was observed in the U937-M1 cells in which IRF1 was 
inhibited (P<0.05; Fig. 5A and D). Surprisingly, we observed 
similar results with the expression of IRF5 in the cells in which 
IFN-β was inhibited (P<0.05; Fig. 5B, E and F).

Therefore, these results suggest that IRF1 and IFN-β 
interact with each other, which bridges the signaling pathways 
activated by IFN-γ and LPS in M1 polarized macrophages. 
Furthermore, both IRF1 and IFN-β may regulate the expres-
sion of IRF5, which in turn contributes to the M1 polarization 
of macrophages. However, the detailed mechanisms involved 
require further investigation.

IRF1 and IFN-β play significant roles in M1-mediated 
antitumor effects. Several studies have demonstrated that, 
M1  macrophages can combat tumors. They can suppress 
proliferation, prevent invasion and promote the apoptosis of 
cancer cells through the secretion of certain cytokines (45-49). 
Our observation of the impaired M1 status (as shown above) 
promoted us to investigate whether M1-mediated antitumor 
effects would be affected under such treatment conditions. 
HepG2 and SMMC-7721 cells were cultured with various CM. 
The M1-mediated antitumor effects were then examined with 
respect to proliferation, apoptosis and invasion ability.

To examine the effects of various CM on the prolif-
eration of HCC cells, CCK-8 assay was performed. As shown 
in Fig. 6, CM collected from the M1 macrophages (CM-M1) 
and siC-transfected M1 macrophages (CM-siC) significantly 
inhibited the proliferation of HepG2 cells (P<0.05; Fig. 6A 
and B) and SMMC‑7721 (P<0.05; Fig. 6C and D). By contrast, 
the CM collected from M1 macrophages in which IRF1 or 
IFN-β was inhibited (CM-siIRF1, CM-siIFNB1 or CM-Ab) 
partly restored the proliferation of SMMC‑7721 cells (P<0.05; 
Fig. 6C and D), and even promoted the proliferation of HepG2 
cells (P<0.05; Fig. 6A and B). These data suggest that IRF1 
and IFN-β play important roles in the M1-mediated anti-
proliferative effects on HCC cells.

Figure 5. Cooperation between interferon regulatory factor (IRF)1 and interferon-β (IFN-β) in U937-M1 macrophages. (A) Analysis of IFNB1 and IRF5 by 
RT-qPCR in M1 macrophages transfected with siIRF1 or siC. (B) Analysis of IRF1 and IRF5 by RT-qPCR in M1 macrophages transfected with siIFNB1 or siC. 
(C) Analysis of IFN-β by ELISA in M1 macrophages transfected by siIRF1. (D-F) Analysis of IRF1 and IRF5 by western blot analysis in M1 macrophages trans-
fected with siIRF1, siIFNB1, siC or neutralized with anti-IFN-β antibody (Ab). *P<0.05, **P<0.01. Western blots are representative of 3 individual experiments.
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Flow cytometry was performed to determine the effects 
of IRF1 and IFN-β on the apoptosis of HCC cells. As shown 
in Fig. 7, an increased apoptotic rate was observed in the cells 
cultured with CM-M1 and CM-siC compared the control cells 
cultured with DMEM (HepG2 cells, P<0.05; Fig.  7B; and 
SMMC‑7721 cells, P<0.01; Fig. 7D). However, the pro‑apop-
totic effect was partly inhibited in the SMMC‑7721 cells 
cultured with CM-siIRF1 or CM-siIFNB1 or CM-Ab (P<0.01; 
Fig.  7D). Although the apoptosis of the HepG2 cells did 
not reach a level of significance between the cells cultured 
with CM-siC vs.  CM-siIFNB1  (P=0.056) and CM-siC 
vs. CM-siIRF1 (P=0.065), an obvious decreasing trend in apop-
tosis was observed in the HepG2 cells cultured with M1 cells 
in which IFNB1 and IRF1 was inhibited compared with the 
controls (Fig. 7B). These data indicate that IRF1 and IFN-β 
may play a role in the M1-mediated pro-apoptotic effects on 
HCC cells.

The invasion ability was examined by Transwell inva-
sion assay. As shown in Fig. 8, in the HCC cells cultured 
with CM-M1 and CM-siC, the number of invading cells was 
significantly reduced compared with the control cells cultured 
in DMEM (P<0.01; HepG2, Fig. 8B; SMMC-7721, Fig. 8D). 
By contrast, these inhibitory effects on the invasion of HCC 
cells were completely reversed in the HCC cells cultured with 
CM-siIRF1, CM-siIFNB1 or CM-Ab (P<0.01; HepG2, Fig. 8B; 
SMMC‑7721, Fig. 8D). These data suggest that IRF1 and IFN-β 
contribute to the M1-mediated inhibitory effects on the inva-
sion ability of HCC cells.

Collectively, the results of our above-mentioned experiments 
suggest that U937-M1 macrophages exert tumoricidal effects 
against HepG2 and SMMC-7721 cells, and we further identi-

fied the crucial roles of IRF1 and IFN-β in the M1-mediated 
antitumor effects.

Discussion

Macrophages display remarkable plasticity and undergo 
alterations in their phenotypes in response to distinct 
environmental cues  (1). Two major subsets, including 
classically activated  (M1) and alternatively activated  (M2) 
macrophages, have long been recognized (3,4,38). They can play 
contrasting roles in tumorigenesis depending on the different 
phenotypes. It has been well established that M1 macrophages 
possess antitumor properties, whereas M2 macrophages are 
characterized by pro-tumor effects  (14,15,39). Therefore, a 
comprehensive understanding of the underlying mechanisms of 
macrophage polarization is necessary for developing antitumor 
strategies.

Several signaling pathways related to the polarization of 
macrophages have been identified. A major locus for macro-
phage polarization is at the transcriptional level of regulation. 
The key regulators, including STAT1, activator protein 1 (AP1), 
IRF1/3/5/9 and hypoxia-inducible factor  (HIF)-1α, play 
crucial roles in the M1 polarization of macrophages. Other 
modulators, such as STAT6, peroxisome proliferator-activated 
receptor (PPAR)-γ, IRF4, HIF-2α, Kruppel-like factor 4 (KLF4) 
and CCAAT-enhancer-binding protein (C/EBP)β play a signifi-
cant role in the M2 polarization of macrophages (16,40).

Interestingly, it has been revealed that synergistic stimula-
tion with IFN-γ and LPS is necessary for the polarization of 
human M1 macrophages, as oppposed to stimulation with either 
factor alone (27). Thus, it is necessary to explore the underlying 

Figure 6. Effect of conditioned medium (CM) on the M1-mediated anti‑proliferative effects on hepatoma carcinoma (HCC) cells. CCK-8 proliferation assay of 
(A and B) HepG2 cells and (C and D) SMMC-7721 cells incubated with different CM for 1 to 5 days. (A and C) #P<0.05, control vs. CM-siC, (B and D) control 
vs. CM-M1; (A and C) *P<0.05, CM-siIFNB1 vs. CM-siC, (B and D) CM-Ab vs. CM-M1; (A and C) ΔP<0.05, CM-siIRF1 vs. CM-siC. Data were calculated from 
3 independent experiments.
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mechanisms of the M1 polarization of macrophages under the 
synergistic effects of IFN-γ and LPS.

IRFs are transcriptional mediators, which can be induced 
by bacteria or viruses. In mammals, IRFs consist of 9 members, 
including IRF1, IRF2, IRF3, IRF4, IRF5, IRF6, IRF7, 
IRF8 (ICSBP) and IRF9 (ISGF3γ/p48). They play prominent 
roles in antiviral defense, immune response, tumor suppression, 
SLE susceptibility, cell differentiation and apoptosis (40-42). 
In particular, IRF1/5/8 has been shown too regulate the 
M1 polarization of macrophages, whereas IRF4 is involves in 
M2 polarization (43). The mechanisms of macrophage polar-
ization as regards IRFs are not yet fully understood.

It has been reported that IRF1 can be induced by IFN-γ 
in M1 macrophages  (19), and that it is responsible for the 
expression of M1-associated cytokine IL-12 subunits and 
iNOS (20,21). On the other hand, the production of IFN-β 
is dependent on the LPS-induced activation of the TRIF-
dependent pathway (23). Furthermore, it has been demonstrated 
that endogenous IFN-β is also necessary for the production of 

IL-12p70 in GM-BMM (20,24). It has also been revealed that 
IFN-β is expressed in high levels in THP-M1 macrophages, 
whereas it is expressed in low levels in THP-M2  macro-
phages (37). We noted that IRF1 was originally discovered to 
regulate the transcription of IFN-β in fibroblasts infected with 
virus (25). However, the connection between IRF1 and IFN-β 
in M1 macrophages is not yet well clarified.

To address this issue, we referred to several studies in the 
literature (10,16,35), and established the M1 macrophage model 
with the monocytic tumor cell line, U937 (U937-M1) in the 
present study. The results demonstrated that U937 cells could 
be readily polarized into the M1 status, as indicated by the high 
expression of CD86 and several pro-inflammatory cytokines, 
but the low expression of CD206. Surprisingly, we noted that 
the M2 associated cytokine, IL-10, was also upregulated in 
U937-M1 macrophages. Although there has been some contro-
versy, IL-10 is generally considered an M2-associated cytokine 
marker (4,5,8,9). It has been previously reported that IFN-γ and 
LPS stimulate macrophages to produce IL-10 (8,44). We specu-

Figure 7. Effect of conditioned medium (CM) on the M1-mediated pro‑apoptotic effect on hepatoma carcinoma (HCC) cells. (A and C) The raw flow 
cytometry scatter plots are representative of 3 independent experiments for apoptosis of (A) HepG2 cells and (C) SMMC-7721 cells cultured with CMs. The 
numbers in parentheses represent the apoptotic rate (quadrant 2 plus quadrant 3). (B and D) Histograms showing the apoptotic rate of (B) HepG2 cells and 
(D) SMMC‑7721 cells cultured with CMs, *P<0.05. Data were repeated for 3 independent experiments.
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late that IL-10, as an anti-inflammatory cytokine, may play a 
role in the resolution of inflammation to avoid the M1-mediated 
excessive pro-inflammatory response.

The present study indicated that IRF1 and IFN-β play 
crucial roles in the regulation of the M1 polarization of macro-
phages. In the M1 macrophages in which the IRF1 gene was 
silenced, not only IL-12 production was impaired, but also the 
expression of other pro‑inflammatory cytokines, such as IL-6, 
IL-23p19, and TNF-α. Simultaneously, IFN-β played a similar 
role as IRF1 in M1-associated gene regulation, which was 
investigated by the use of siRNA and neutralizing monoclonal 
IFN-β antibody. Interestingly, the M2-associated markers, 
CD206 and IL-10, were further significantly increased in the 
M1 macrophages in which IRF1 or IFN-β was inhibited. These 
results collectively indicate that both IRF1 and IFN-β affect the 
expression of M1/M2-associated markers, which in turn may 
affect the M1 polarization of macrophages.

It has been reported that IRF1 regulates certain genes by 
binding to the IRF-E and ISRE sites (32), such as IRF5 (31) 
and IFN-β (25,32). As a cytokine, IFN-β plays a functional 
role mainly by binding to its receptor on the cell membrane 
and initiating downstream signaling. It has also been 

found that IFN-β induces IRF1 expression in RAW264.7 
and peritoneal macrophages through receptor recognized 
pathways  (26). Based on this evidence, we investigated 
the association between IRF1 and IFN-β in the context of 
the M1  polarization of macrophages. We found that the 
knockdown of IRF1 in U937-M1 cells exhibited reduced the 
production of IFN-β. Similarly, the neutralization of IFN-β 
or IFNB1 knockdown in U937-M1 cells led to a decreased 
expression of IRF1. These data suggest that IRF1 and IFN-β 
may interact with each other, which bridges the two pathways 
initiated by IFN-γ and LPS in M1 macrophages.

What should be noted is that our detected M1/M2-associated 
cytokines (IL-12p35, IL-12p40, IL-23p19, IL-6, TNF-α and 
IL-10) are also regulated by IRF5. It has been demonstrated 
that IRF5 is directly recruited to the promoters and promotes 
the expression of M1-associated genes, but suppresses 
M2-associated gene expression (28-30). In the current study, 
IRF5 was upregulated by the stimulation of U937-M1 cells 
with IFN-γ and LPS. To determine whether IRF5 plays a role 
in IRF1- and IFN-β-associated activities, we detected IRF5 
expression in U937-M1 cells in which IRF1 or IFN-β was 
inhibited. Interestingly, IRF5 was impaired in the U937-M1 

Figure 8. Effect of conditioned medium (CM) on the M1-mediated anti‑invasion effect on hepatoma carcinoma (HCC) cells. Invasive ability was analyzed 
by Transwell invasion assay. HepG2 and SMMC-7721 cells were cultured with various CM for 24 h, and the invading cells were fixed and stained, then 
counted under a microscope with 5 random fields (x100 magnification). (A) The data are representative of 5 random fields of HepG2 cells cultured with CMs; 
(B) Histograms showing invading cells of HepG2 cells cultured with CMs, **P<0.01. Data were repeated for 3 independent experiments. (C) The data are repre-
sentative of 5 random fields of SMMC-7721 cells cultured with CMs;(D) Histograms showing invading cells of SMMC-7721 cells cultured with CMs, **P<0.01. 
Data were calculated from 3 independent experiments.
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in which IRF1 or IFN-β was inhibited. These observations 
suggest that IRF5 is involved in IRF1- and IFN-β-mediated 
activities. The association between IRF1, IFN-β and IRF5 may 
involve more complex mechanisms of the M1 polarization of 
macrophages. Thus, further studies are warranted to investigate 
the detailed mechanisms.

In this study, the role of IRF1 and IFN-β in M1-mediated 
antitumor effects on HCC cells was also explored. HepG2 and 
SMMC-7721 cells were incubated with CM collected from 
the supernatant of M1 macrophages in which IRF1 or IFN-β 
was inhibited. The results demonstrated that U937-M1 macro-
phages exerted anti-tumor effects on HepG2 and SMMC-7721 
cells, including anti-proliferative, pro-apoptotic and anti-
invasive effects. However, the inhibition of IRF1 or IFN-β in 
the U937-M1 macrophages attenuated these antitumor effects. 
Our functional experiments further proved that IRF1 and 
IFN-β play significant roles in the antitumor effects mediated 
by M1 macrophages. We speculate that the IRF1- and IFN-β-
mediated antitumor effects may due to the regulation of M1/
M2-associated cytokines, which have been reported to respon-
sible for antitumor/pro-tumor effects (45-49).

In conclusion, in the present study, we provide evidence 
that IRF1 and IFN-β may cooperate with each other to take 
part in the M1 polarization of macrophages, as well as in the 
regulation of IRF5, consequently affecting the M1-mediated 
antitumor effects. Our data may provide a novel target for 
targeted cancer therapy.
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