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Reprogramming M2-type, pro-tumoral tumor-associated macrophages (TAMs) into M1-type, anti-tumoral macrophages is a key strategy in cancer therapy. In this study, we exploited epigenetic therapy using the DNA methylation inhibitor 5-aza-2’-deoxycytidine (5-aza-dC) and the histone deacetylation inhibitor trichostatin A (TSA), to reprogram M2-type macrophages into an M1-like phenotype. Treatment of M2-type macrophages with the combination of 5-aza-dC and TSA decreased the levels of M2 macrophage cytokines while increasing those of M1 macrophage cytokines, as compared to the use of either therapy alone. Conditioned medium of M2 macrophages treated with the combination of 5-aza-dC and TSA sensitized the tumor cells to paclitaxel. Moreover, treatment with the combination inhibited tumor growth and improved anti-tumor immunity in the tumor microenvironment. Depletion of macrophages reduced the anti-tumor growth activity of the combination therapy. Profiling of miRNAs revealed that the expression of miR-7083-5p was remarkably upregulated in M2 macrophages, following treatment with 5-aza-dC and TSA. Transfection of miR-7083-5p reprogrammed the M2-type macrophages towards an M1-like phenotype, and adoptive transfer of M2 macrophages pre-treated with miR-7083-5p into mice inhibited tumor growth. miR-7083-5p inhibited the expression of colony-stimulating factor 2 receptor alpha and CD43 as candidate targets. These results show that epigenetic therapy upon treatment with the combination of 5-aza-dC and TSA skews M2-type TAMs towards the M1-like phenotype by upregulating miR-7083-5p, which contributes to the inhibition of tumor growth.
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Introduction

Tumors need intimate support from stromal cells in the tumor microenvironment for their progression and metastasis. Tumor-associated macrophages (TAMs) are abundant stromal cells in the tumor microenvironment. M2-polarized TAMs promote tumor progression and suppress anti-tumor immunity, by secreting proteases, vascular endothelial growth factors, and immune-suppressive cytokines such as interleukin (IL)-10, IL-4, and transforming growth factor-β (TGF-β) (1–3). In contrast, M1-polarized macrophages inhibit tumor growth and secrete immune-stimulatory cytokines such as IL-6, IL-12, and interferon-γ (IFN-γ. IL-4 and lactate enriched in the tumor microenvironment promote the M2 polarization of TAMs (4, 5). In this regard, reprogramming of the M2-type, pro-tumoral TAMs into M1-type, anti-tumoral macrophages is an important strategy for cancer therapy.

Epigenetic regulation of gene expression involves DNA methylation, histone methylation or acetylation, and microRNA (miRNA)-mediated mRNA degradation. Epigenetic regulation has been shown to play a role in the differentiation, activation, and polarization of macrophages, depending on the situation (6, 7). For instance, M2 polarization is epigenetically regulated by methylation of histone H3 lysine-27 (H3K27) (8). IL-4 induces the expression of H3K27 demethylase Jumonji domain-containing 3 (JMJD3), which decreases H3K27 methylation at the promoter region of M2 marker genes and leads to the transcriptional activation of M2 macrophage marker genes (8). JMJD3 also facilitates the expression of IFN-regulatory factor 4 (IRF4), a key M2-activating transcription factor, by removing H3K27 methylation at the irf4 gene (9). Trichostatin A (TSA), a pan-inhibitor of histone deacetylases (HDACs), inhibits the expression of IL-4-induced M2 marker arginase-1 (Arg1) in M2 macrophages (10). TSA induces the M1-like conversion of TAMs and expression of PD-L1 in tumor cells, which enhances its anti-tumor effects (11). In contrast, 5-aza-2’-deoxycytidine (5-aza-dC), an inhibitor of DNA methyltransferases (DNMTs), and knockdown of DNMT3B increases M2 marker expression in M1 macrophages (12). However, 5-aza-dC skews macrophages towards an M1 phenotype in primary mouse macrophages (13), and the effects of DNMT inhibitors on M2 macrophages have not been investigated (12). These findings suggest that the effects of DNMT inhibitors on macrophage polarization depend on the context of cell types in the tumor microenvironment.

Specific subsets of miRNAs are differentially expressed depending on the macrophage polarization state and play a role in regulating macrophage activation and polarization. For example, the levels of miR-155, miR-181, and miR-451 are higher in M1 macrophages than that of M2 macrophages (14). Inhibition of miR-155 favors the reprogramming of macrophages towards M2-type TAMs and accelerates tumor development (15). In contrast, the levels of miR-146a, miR-125a, and miR-145-5p are higher in M2 macrophages than in M1 macrophages (14). Inhibition of miR-146a decreases the expression of M2 macrophage genes in TAMs and inhibits tumor growth (16). The levels of miR-511-3p are high in M2-type TAMs, whereas overexpression of miR-511-3p inhibits M2-type gene expression in TAMs (17).

Interplay between miRNAs and epigenetic regulators has been reported. For example, miR-17-92 is controlled at the DNA methylation level by DNMT1, which is inhibited by miRNAs (18). TSA decreases the expression of the miR-106b-93-25 cluster, which is increased in prostate, gastric, and pancreatic cancers (16, 19). In contrast, TSA increases the expression of miR-7, which is reduced during cancer development and metastasis (20). However, there are few reports on the miRNAs involved in the reprogramming of M2-polarized macrophages into M1-like macrophages in response to epigenetic regulators. In this study, we exploited epigenetic therapy using 5-aza-dC, a DNA methylation inhibitor, and TSA, a histone deacetylation inhibitor, to identify the miRNAs involved in the reprogramming of M2-type TAMs into an M1-like phenotype, in response to epigenetic regulators. In the future study, the miRNAs could be exploited as an anti-cancer drug through the targeted delivery to tumors using certain types of nanoparticles (e.g., liposomes and exosomes).



Materials and methods


Cell culture

4T1 mouse breast tumor and LLC mouse lung tumor cell lines were purchased from American Type Culture Collection (Manassas, VA, USA). 4T1-luc cells expressing luciferase were obtained from PerkinElmer (Waltham, MA, USA). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; HyClone, South Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; ThermoFisher, Waltham, MA, USA) and 1% penicillin-streptomycin, at 37°C, in a humidified 5% CO2-containing atmosphere. Analysis of mycoplasma contamination was performed for cultured cells.



Preparation and polarization of macrophages from bone marrow-derived monocytes and treatment of macrophages with 5-aza-dC and TSA

According to previous studies (21, 22), BMDMs were prepared and polarized into M1- and M2-type macrophages. Bone marrow cells were isolated from tibias and femurs of Balb/c mice and cultured in DMEM supplemented with 10 ng/mL of colony-stimulating factor-1 (CSF-1; Gibco, Carlsbad, CA, USA) and 10% FBS for 7 d. The culture medium was changed every other day. Next, the cells were incubated with 100 ng/mL of lipopolysaccharide and 20 ng/mL of recombinant mouse IFN-γ (R&D Systems, Minneapolis, MN, USA), for 24–48 h to achieve M1 polarization. For M2 polarization, BMDMs were incubated with 20 ng/mL of recombinant mouse IL-4 for 24–48 h. M2-polarized macrophages were treated with either 50 nM 5-aza-dC (Merck, Rahway, NJ, USA) for 72 h or 25 nM TSA (Merck) for 48 h. For treatment with the combination, M2-polarized macrophages were treated with 5-aza-dC for 24 h followed by treatment with 5-aza-dC and TSA for 48 h.



Enzyme-linked immunosorbent assay

Concentrations of cytokines secreted into the culture medium of macrophages were measured using ELISA. One hundred microliters of cell culture medium was added to culture plates pre-coated with antibodies against IL-4 and IL-10 (R&D Systems), as well as IL-6, IL-12p40, and TGF-β (ThermoFisher Scientific) and incubated at 25°C for 1–2 h. The plates were then incubated with biotin-conjugated antibodies against the corresponding cytokines for 30 min, followed by incubation with streptavidin-conjugated horseradish peroxidase at 25°C for 30 min. The plates were incubated with stabilized chromogen followed by incubation with stop solution at 25°C for 30 min, post which the absorbance was measured at the wavelength of 450 nm using a microplate reader (ThermoFisher Scientific).



Flow cytometric analysis

Macrophages in cultures were incubated with fluorescence-labeled antibodies against CD43, CD86, and CD206 (BioLegend, San Diego, CA, USA) and colony-stimulating factor 2 receptor alpha (CSF2RA; Santa Cruz Biotechnology, Dallas, TX, USA) for 20 min in the dark. For analysis of immune cell populations in tissues, freshly excised tumors were fragmented into several pieces. The fragmented tissues were further minced into 2–3 mm3 pieces and incubated with collagenase D (Roche, Basel, Switzerland) and DNase (Merck), at 37°C for 40 min. The tissue samples were filtered through a 100 µm-cell strainer (Falcon, Corning, NY, USA) to collect the digested cells. Dead cells and cellular debris were removed using Ficoll® (GE Healthcare, Buckinghamshire, UK) gradient centrifugation. Collected cells were re-suspended in phosphate-buffered saline containing FBS and incubated with fluorescence dye-labeled antibodies against CD3, CD4, CD8, CD11b, CD45, CD86, CD206, F4/80, and Gr1 (BioLegend) for 30 min in the dark. Primary antibodies were diluted at a ratio of 1:100. After gating for CD45+ cells, the cells were analyzed for the corresponding markers. At least 10,000 events were analyzed using the FACSCalibur™ cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Data were evaluated using CellQuest™ Pro (BD Biosciences).



Quantitative reverse transcription-polymerase chain reaction

Tumor tissues (50 mg) were homogenized in QIAzol® lysis reagent (Qiagen, Hilden, Germany). Macrophages in cultures were also incubated with the lysis reagent. RNAs were isolated from the tissue and cell lysates using an miRNeasy® Mini Kit (Qiagen) and subjected to qRT-PCR. Primers for actb, arg1, cd43, csf2ra, ifng, il-4, il-10, il-12p40, inos, and tgfb were obtained from Bioneer (Daejeon, Korea). cDNA was synthesized using PrimerScript™ 1st strand cDNA Synthesis Kit (Takara, Shiga, Japan). qPCR using SYBR™ Green (Qiagen) was performed on a real-time cycler (Bio-Rad, Hercules, CA, USA). Relative mRNA expression levels were analyzed according to the Livak method (23).



Cell viability assays

Tumor cells and M2-type macrophages were treated with 50 nM of 5-aza-dC and 25 nM of TSA for 24–72 h alone or in combination. To examine the effect of the conditioned medium (CM) of cultured macrophages, tumor cells were incubated with the CM of M2 macrophages in the absence or presence of 1 μM of paclitaxel for 24 h. After treatment, the cells were incubated with a fresh culture medium containing 10% Cell Counting Kit-8 solution (Dojindo, Kumamoto, Japan) for 1–4 h. Absorbance was measured at the wavelength of 450 nm and cell viability was calculated based on the absorbance.



Animal models, whole-body bioluminescence imaging, and anti-tumor therapy

Six to eight-week-old mice were purchased from Orient Bio (Seongnam, Korea). Mice were cared for and maintained in conformance with the Guidelines of the Institutional Animal Care and Use Committee of Kyungpook National University (permission no. 2015-0017). An orthotopic breast tumor model was prepared by injecting 1×106 4T1 cells into the lower left mammary fat pad of Balb/c female mice. A syngeneic lung tumor model was prepared by injecting 1×106 LLC cells into the lower right dorsal flank of C57BL/6 male mice.

Whole-body bioluminescence images were captured using an IVIS® imaging system (PerkinElmer), at 10 min after intraperitoneal injection of D-luciferin (150 mg/kg body weight) into the tumor-bearing mice. Images were taken every 3 d from the tenth day of tumor inoculation, following which tumor progression of the mice was monitored. Mice were treated by intraperitoneally injecting them with 5-aza-dC (1 mg/kg body weight) and TSA (0.3 mg/kg body weight) once a day for 5 d. Tumor sizes were measured using a digital caliper, and tumor volumes were calculated using the following formula: Volume = (L × W × H)/2 (L: length, longest dimension, W: width, shorter dimension, parallel to the mouse body, and H: height, perpendicular to the length and width). At the end of the treatment, blood was collected for analysis of hematologic parameters from a few of the mice before sacrifice, and their tumor tissues were prepared for further study. The remaining mice were maintained to check the survival rates.

For depletion of CD8+ T cells, female Balb/c mice were intraperitoneally injected with 400 µg of monoclonal antibody against CD8α (Bio X cell, West Lebanon, NH, USA), one day before the inoculation of 4T1 tumor cells and every 5 day thereafter. The effectiveness of CD8+ T cell depletion was determined by means of flow cytometric analysis of CD45+CD3+CD8+ cells among the splenocytes or tumor-infiltrating cells after treatments.

For depletion of macrophages, Balb/c mice were intraperitoneally injected with 200 µL of clodronate liposomes (Liposoma, Amsterdam, Netherlands) 2 days prior to start of treatments. The effectiveness of macrophage depletion was determined by flow cytometric analysis of CD45+F4/80+MHCII+ cells in the splenocytes. For adoptive transfer of macrophages, mice were pre-treated with clodronate liposomes and then treated with intravenously injection of M2 macrophages (1 × 106 cells) pre-treated with combination of 5-aza-dC and TSA or with miR-7083-5p (once a day, twice a week for 3 weeks).



Microarray analysis of miRNAs

RNAs for miRNA profiling were isolated using the miRNeasy® Mini Kit. Microarray analysis of miRNAs was performed using an Affymetrix GeneChip miRNA 4.0 array (Affymetrix, Santa Clara, CA, USA) by Macrogen (Seoul, Korea). Array data export, processing, and analysis were performed using Affymetrix GeneChip Command Console® software. Hierarchical clustering heat map was obtained using the Euclidean method. Target genes of a miRNA were predicted using TargetScan analysis (https://www.targetscan.org/).



Luciferase reporter assays

Oligonucleotide pairs containing the CSF2RA or CD43-3′-untranslated regions (3′-UTRs) were synthesized (Bioneer). The oligonucleotide sequences used were as follows: and 3′-TTTGATCGCCGGCGATCAGTTTAGGAGGAGATATCGGGGCGAGATC-5′ (CSF2RA) and and 3′-TTTGATCGCCGGCGATCAAGGTTAGACGAGGAATCGGGGCCAGATC-5′ (CD43). Four nanograms of the annealed oligonucleotides was incubated with 50 ng of pmirGLO dual-luciferase miRNA target expression vector (Promega, Madison, WI, USA), which was linearized by performing digestion with Pmel and Xbal restriction enzymes. After ligation, the miRNA target site was inserted into the 3′-end of the Firefly luciferase reporter gene. The humanized Renilla luciferase gene of the pmirGLO vector was used as a control reporter for the normalization of gene expression. HEK293T cells (5×104 cells) were seeded into 24-well plates overnight and transfected with 2 µg of the pmirGLO plasmid containing the CSF2RA- or CD43-3′-UTR, in the absence or presence of 20 µM of miR-7083-5p or a scrambled control. Firefly luciferase activity normalized to Renilla luciferase activity was obtained 24 h after transfection of the dual-luciferase reporter expression vector using a SpectraMax® L microplate reader (Molecular Devices, San Jose, CA, USA).



Statistical analysis

Data are expressed as the mean ± standard deviation (SD). All statistical analyses were performed using Prism 6 software (GraphPad Software Inc., San Diego, CA, USA). Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparison post-hoc test or two-way ANOVA followed by Bonferroni multiple comparisons post-hoc test.




Results


Epigenetic therapy upon treatment with 5-aza-dC and TSA synergistically reprograms M2-type macrophages into an M1-like phenotype

To examine whether epigenetic therapy by treatment with DNA methylation and histone deacetylation inhibitors reprograms the M2-type macrophages towards the M1-like phenotype, BMDMs isolated from mouse bone marrow were treated with CSF-1 and polarized into M2-type macrophages by treatment with IL-4, and then the M2-polarized macrophages were incubated with 5-aza-dC and TSA, alone or in combination (Supplementary Figure 1A). The M2-polarized macrophages displayed a more spindle-like shape as compared to the M1-polarized macrophages (Supplementary Figure 1B). Treatment of M2-polarized macrophages with 5-aza-dC and TSA, alone or in combination, did not affect the cell viability (Supplementary Figure 1C). Treatment of the M2-type macrophages with either 5-aza-dC or TSA decreased the secretion of immune-suppressive M2 cytokines such as IL-10, IL-4, and TGF-β into the culture medium (Figure 1A), while increasing the secretion of immune-stimulatory M1 cytokines such as IL-12 and IL-6 (Figure 1B). Interestingly, treatment of M2 macrophages with 5-aza-dC and TSA synergistically decreased the secretion of M2 cytokines (IL-10 and TGF-β) and increased the secretion of M1 cytokines (IL-12), as compared to treatment with either 5-aza-dC or TSA alone (Figures 1A, B, respectively). In addition, compared to untreated M2 macrophages, treatment of M2 macrophages with the combination of 5-aza-dC and TSA significantly decreased the mRNA levels of M2 cytokines (il-10, il-4, and tgfb) and a marker (arg1) (Figure 1C and Supplementary Figure 2A), while increasing those of M1 cytokines (il-12p40 and ifng) and a marker (inos) (Figure 1D and Supplementary Figure 2B). Moreover, treatment of M2 macrophages with the 5-aza-dC and TSA decreased the surface expression of CD206 M2 marker and increased that of CD86 M1 marker, compared to untreated M2 macrophages (Figure 1E). The expression of M2- and M1-type cytokines and markers in the M2 macrophage, after treatment with the combination of 5-aza-dC and TSA were skewed towards that of M1 macrophages (Figures 1A–E).




Figure 1 | Epigenetic therapy with the combination of 5-aza-dC and TSA reprograms the M2-type macrophages towards an M1-like phenotype. (A, B) ELISA to quantify the M2-type (A) and M1-type (B) cytokines secreted into the culture medium after treatment of M2-type macrophages (M2) with 50 nM 5-aza-dC (M2A) and 25 nM TSA (M2T), alone or in combination (M2AT). M1-type macrophages (M1) were used as a control. (C, D) qRT-PCR analysis of the mRNA levels of M2-type (C) and M1-type (D) cytokines and markers after treatment of M2-type macrophages with 5-aza-dC and TSA in combination. (E) Flow cytometric analysis of the surface expression of CD206 and CD86 after treatment of M2-type macrophages with 5-aza-dC and TSA in combination. Data represent the mean ± SD of three separate experiments performed in triplicates. **, P<0.01; ***, P<0.001; n.s., not significant, as assessed using one-way ANOVA followed by Tukey’s multiple comparison post-hoc test.





CM of M2-type macrophages treated with the combination of 5-aza-dC and TSA reduces tumor cell survival and enhances sensitivity to paclitaxel

Treatment of 4T1 tumor cells with 5-aza-dC and TSA, alone or in combination, for 24–72 h reduced the cell viability (Figure 2A). There were no significant differences between the single and combination treatments. Next, we examined whether the CM of M2-type macrophages after the treatments caused tumor cell cytotoxicity. Treatment of 4T1 tumor cells with the CM of M2-type macrophages treated with the combination of 5-aza-dC and TSA reduced the survival of 4T1 tumor cells at higher levels than upon treatment with the CM of M2-type macrophages treated with either therapy alone (Figure 2B). Moreover, the CM of M2-type macrophages treated with the combination of 5-aza-dC and TSA enhanced the sensitivity of 4T1 tumor cells to paclitaxel given with the CM, resulting in about 65% cytotoxicity (Figure 2B). In contrast, the CM of M2-type macrophages treated with either 5-aza-dC or TSA alone did not enhance the sensitivity of 4T1 tumor cells to paclitaxel (Figure 2B). The CM of M1-type macrophages used as a control also reduced the viability of the tumor cells. The CM of untreated M2 macrophages rather increased the tumor cell survival (Figure 2B). These results suggested that, like the M1-type macrophages, M2-type macrophages treated with the combination of 5-aza-dC and TSA secrete active inflammatory or anti-tumoral factors.




Figure 2 | Conditioned medium (CM) of M2-type macrophages treated with the combination of 5-aza-dC and TSA inhibits tumor cell survival and sensitizes tumor cells to chemotherapy. (A) Cell viability of 4T1 tumor cells after treatment with 50 nM 5-aza-dC (referred as A) and 25 nM TSA(referred as T), alone or in combination (A+T), for 24–72 (h) (B) Cell viability of 4T1 tumor cells after incubation with the CM of M2-macrophages (M2) treated with 5-aza-dC (M2A) and TSA (M2T), alone or in combination (M2AT), in the absence (blue bars) or presence of 1 μM paclitaxel (PTX, red bars), for 24 h. Black bars represent untreated (-) and PTX-treated tumor cells in the absence of CM. The CM of M1-macrophages (M1) was used as a control. Data represent the mean ± SD of three separate experiments performed in triplicates. *, P<0.05; ***, P<0.001; n.s., not significant, as assessed using one-way ANOVA followed by Tukey’s multiple comparison post-hoc test (A) or two-way ANOVA followed by Bonferroni multiple comparisons post-hoc test (B).





Epigenetic therapy upon treatment with 5-aza-dC and TSA synergistically inhibits tumor growth in mice and induces M2 reprogramming in the tumor microenvironment

An orthotopic breast tumor was established by inoculating 4T1 mouse syngeneic breast tumor cells into the fat pad of the mammary gland of mice. Tumor-bearing mice were treated with 5-aza-dC and TSA and monitored using whole-body luminescence imaging (Figure 3A). Treatment with 5-aza-dC and TSA synergistically inhibited primary tumor growth (Figures 3B–D) as well as lung metastasis (Figure 3E), and increased mouse survival rate (Figure 3F) in 4T1 tumor-bearing mice, as compared to treatment with either 5-aza-dC or TSA alone and that with the saline control. Treatment with 5-aza-dC alone inhibited tumor growth and metastasis and increased the survival rate of 4T1 tumor-bearing mice to a lesser degree than upon treatment with the combination, while treatment with TSA alone showed no significant effects on these parameters (Figures 3B–F). These treatments did not show significant changes in the body weight (Figure 3G) and hematologic parameters including the number of white blood cells (Supplementary Figure 3).




Figure 3 | Epigenetic therapy with 5-aza-dC and TSA synergistically inhibits breast tumor growth in mice. (A) Experimental schemes of the tumor therapy. Mice bearing 4T1 or 4T1-luc tumors (approximately 100–150 mm3 in size) in the left and lower mammary gland were treated with 5-aza-dC and TSA, alone or in combination (1 mg/kg body weight 5-aza-dC and 0.3 mg/kg body weight TSA, once a day, for 5 d), at 2 weeks after tumor inoculation. (B) Whole-body bioluminescence images of mice bearing 4T1-luc tumors were taken 10 min after injection of D-luciferin into the mice after treatments. Scale bar represents the intensity of luminescence. (C) Quantitation of the total photon flux (the number of photons per second, p/s) obtained upon whole-body imaging. Data have been presented as the mean ± S.D. ***, P<0.001; n.s., not significant (n=5 per group), as assessed using two-way ANOVA. (D–G) Tumor volumes (D), body weight (E), number of metastatic nodules in the lung (F), and survival rates (G) after treatments. Data have been presented as the mean ± S.D. *, P<0.05; ***, P<0.001; n.s., not significant (n=10 mice per group), as assessed using one-way ANOVA followed by Tukey’s multiple comparison post-hoc test.



To examine whether treatment with the combination of 5-aza-dC and TSA promoted M2 reprogramming in the tumor microenvironment, the levels of macrophage cytokines/markers and the immune cell population in tumor tissues were analyzed. Treatment with 5-aza-dC and TSA synergistically decreased the mRNA levels of M2 cytokines (il-10, il-4, and tgfb) and a marker (arg1) in tumor tissues (Figure 4A and Supplementary Figure 4A), while increasing those of M1 cytokines (il-12p40 and ifng) in tumor tissues (Figure 4B and Supplementary Figure 4B), as compared to either therapy alone and in the saline-treated control. In addition to that of cytokines, the population of CD206+ M2 macrophages (Figure 4C), myeloid derived suppressor cells (MDSCs) (Figure 4D), and CD4+ T cells (Figure 4E) reduced more efficiently after treatment with the combination of 5-aza-dC and TSA, while increasing the population of CD86+ M1 macrophages (Figure 4C) and CD8+ T cells (Figure 4F) among the tumor-infiltrating leukocytes in the 4T1 tumor tissues, as compared to those upon treatment with 5-aza-dC or TSA alone and those in the saline-treated group. As the number of CD8+ T cells was considerably higher in the 4T1 tumor tissues after the combination treatment, we examined whether the increase in the number of CD8+ T cells contributes to the anti-tumor growth activity. Pre-treatment of tumor-bearing mice with an anti-CD8 neutralizing antibody almost depleted the population of CD8+ T cells (Supplementary Figures 5A, B). However, depletion of CD8+ T cells did not significantly decrease the anti-tumor growth activity after the combination treatment (Figure 4G). In contrast, depletion of macrophages by pre-treating mice with clodronate almost reduced the anti-tumor growth activity by the combination treatment (Figure 4H and Supplementary Figures 5C, D). These results suggested that a decrease in the M2 macrophage population but not an increase in the CD8+ T cell population is the primary factor for the therapeutic effect of the treatment with the combination of 5-aza-dC and TSA.




Figure 4 |     Epigenetic therapy with the combination of 5-aza-dC and TSA promotes reprogramming of M2-type TAMs into the M1-like phenotype in the tumor microenvironment. (A, B) qRT-PCR analysis of the relative mRNA levels of M2- (A) and M1-type (B) cytokines and markers in tumor tissues after treatment of 4T1 tumor-bearing mice with 5-aza-dC (referred as A) and TSA (referred as T), alone or in combination (A+T). (C–F) Flow cytometric analysis of the population of CD206+ M2 macrophages and CD86+ M1 macrophages (C), CD11b+Gr1+ MDSCs (D), CD4+ T cells (E), and CD8+ T cells (F) in the tumor tissues after treatments. (G, H) Tumor volumes after treatments in the absence or presence of CD8+ T cell depletion (G) and macrophage depletion using clodronate (H). Control (Ctrl) liposomes were used as control for clodronate. Data represent the mean ± SD of three separate experiments performed in triplicates (A–F) and three mice (n=3) per group (G, H). *, P<0.05; **, P<0.01; ***, P<0.001; n.s., not significant, as assessed using one-way ANOVA followed by Tukey’s multiple comparison post-hoc test.



Treatment with the combination of 5-aza-dC and TSA significantly inhibited the growth of the subcutaneous LLC mouse syngeneic lung tumor (Supplementary Figure 6A) and increased the mouse survival rate (Supplementary Figure 6B), as compared to treatment with either 5-aza-dC or TSA alone and saline-treated control. Similarly to 4T1 breast tumor, in the LLC lung tumor as well, treatment with 5-aza-dC and TSA synergistically decreased the levels of M2 cytokines and markers (Supplementary Figure 6C), while increasing those of M1 cytokines (Supplementary Figure 6D), as compared to treatment with either therapy alone. In addition, it decreased the population of CD206+ M2 macrophages (Supplementary Figure 6E), MDSCs (Supplementary Figure 6F), and CD4+ T cells (Supplementary Figure 6G), while increasing that of CD86+ M1 macrophages (Supplementary Figure 6E) and CD8+ T cells (Supplementary Figure 6H), as compared to treatment with either therapy alone. These results showed that the combination of 5-aza-dC and TSA efficiently reprograms M2-type TAMs into an M1-like phenotype and leads to an increase in the anti-tumor immunity in the tumor microenvironment, as well as inhibition of tumor growth.



miR-7083-5p is involved in the reprogramming of M2-type macrophages to an M1-like phenotype upon treatment with the combination of 5-aza-dC and TSA

To identify miRNAs that are involved in the M2 to M1 reprogramming of macrophages upon treatment with the combination of 5-aza-dC and TSA, we analyzed miRNA profiles in M2-type macrophages, before and after the treatments. Hierarchical clustering heat map showed the upregulation and downregulation of miRNAs in M2-type macrophages, after treatment with the combination of 5-aza-dC and TSA (Figure 5A). When treated with 5-aza-dC and TSA, the levels of 139 miRNAs were upregulated in the M2-type macrophages, as compared to those in the untreated M2 macrophages (Figure 5B). In addition, the levels of 97 miRNAs were higher in the M1-type macrophages than in the untreated M2 macrophages, and 60 of these miRNAs overlapped with the miRNAs found in M2 macrophages upon treatment with the combination of 5-aza-dC and TSA (Figure 5B). In contrast, the levels of 116 miRNAs were downregulated in the M2-type macrophages treated with 5-aza-dC and TSA in combination than in the untreated M2 macrophages (Figure 5B). The levels of 110 miRNAs were lower in the M1-type macrophages than in the untreated M2 macrophages, and 70 of these overlapped with the miRNAs found in M2 macrophages upon treatment with 5-aza-dC and TSA (Figure 5B). The miRNAs whose levels were upregulated and downregulated by more than three-fold in M2 macrophages treated with the combination of 5-aza-dC and TSA and in M1 macrophages, as compared to those in untreated M2 macrophages, are listed in Supplementary Tables 1, 2, respectively. Among the upregulated miRNAs, miR-7083-5p level was remarkably (approximately 36-fold) higher in M2 macrophages treated with the combination of 5-aza-dC and TSA (Supplementary Table 1), whereas, it was not upregulated in M1 macrophages (Supplementary Table 2), as compared to that in untreated M2 macrophages. In contrast, the expression of certain miRNAs such as miR-7043-5p and miR-184-3p was upregulated both in the M2 macrophages treated with the combination of 5-aza-dC and TSA (Supplementary Table 1) as well as in M1 macrophages (Supplementary Table 2), as compared to that in untreated M2 macrophages. qRT-PCR analysis showed the upregulation of miR-7083-5p in 4T1 tumor tissues (Figure 5C and Supplementary Figure 7A) as well as M2-type macrophages in culture (Figure 5D and Supplementary Figure 7B) after treatment with 5-aza-dC and TSA. Transfection of M2 macrophages with miR-7083-5p decreased the mRNA levels of M2 cytokines and markers (Figure 5E and Supplementary Figure 7C) and secretion of M2 cytokines into the culture medium (Figure 5F). In contrast, upregulation of miR-7083-5p in M2 macrophages increased the mRNA levels of M1 cytokines and markers (Figure 5G and Supplementary Figure 7D) and secretion of M1 cytokines into the culture medium (Figure 5H). Upregulation of miR-7083-5p in M2 macrophages, as well as treatment of M2 macrophages with 5-aza-dC and TSA, decreased the surface expression of CD206 M2 marker, while increasing that of CD86 M1 marker (Figure 5I).




Figure 5 | miR-7083-5p is involved in the reprogramming of M2-type macrophage into an M1-like phenotype upon treatment with the combination of 5-aza-dC and TSA. (A) Hierarchical clustering heat map showing the relative levels of miRNAs in M2-type macrophages (M2) after treatment with the combination of 5-aza-dC and TSA (M2AT). M1 macrophages (M1) and bone marrow-derived monocytes (BMDMs) were used as controls. (B) Venn diagrams showing the number of upregulated and downregulated miRNAs in M2AT and M1, as compared to those in M2. (C, D) qRT-PCR analysis of the relative levels of miR-7083-5p in 4T1 tumor tissues, after treatments with 5-aza-dC (referred as A) and TSA (referred as T), alone or in combination (A+T), (C) and in M2 macrophages, after treatments with 5-aza-dC (M2A) and TSA (M2T), alone or in combination (D). (E, G) qRT-PCR analysis of the relative mRNA levels of M2- (E) and M1-type (G) cytokines and markers in M2 macrophages after transfection of miR-7083-5p (M2mi). (F, H) ELISA of the concentrations of M2- (F) and M1-type (H) cytokines secreted into the culture medium of M2 macrophages after transfection of miR-7083-5p. (I) Flow cytometric analysis of CD206 and CD86 expression levels in M2mi and M2AT. *, P<0.05; **, P<0.01; ***, P<0.001; n.s., not significant (n=3 per group), as assessed using one-way ANOVA. Data represent the mean ± SD of three separate experiments performed in triplicates. *, P<0.05; **, P<0.01; ***, P<0.001; n.s., not significant, as assessed using one-way ANOVA followed by Tukey’s multiple comparison post-hoc test.



To further examine whether miR-7083-5p is involved in the M2 macrophage reprogramming, we performed adoptive transfer of M2 macrophages pre-treated with miR-7083-5p or combination of 5-aza-dC and TSA into mice following treatment with clodronate. The adoptive transfer of pre-treated M2 macrophages inhibited the tumor growth while that of untreated M2 macrophages enhanced tumor growth compared to saline-treated control (Figure 6A). The adoptive transfer of pre-treated M2 macrophages decreased the levels of M2 cytokines (Figure 6B and Supplementary Figure 8A) and CD206 (Figure 6D) and the population of MDSCs (Figure 6E) and CD4+ T cells (Figure 6F), with no significant changes in that of CD8+ T cells (Figure 6G), compared to saline-treated control. In contrast, the adoptive transfer increased the levels of M1 cytokines (Figure 6C and Supplementary Figure 8B) and CD86 (Figure 6D) compared to saline-treated control.




Figure 6 | Adoptive transfer of M2 macrophages pre-treated with miR-7083-5p or combination of 5-aza-dC and TSA reduces tumor growth. (A) Tumor volumes after treatment of 4T1 tumor-bearing mice with clodronate and subsequent adoptive transfer of M2 macrophages pre-treated with miR-7083-5p (M2mi) or combination of 5-aza-dC and TSA (M2AT). M1 and M2 macrophages were included as control. (B, C) qRT-PCR analysis of the relative mRNA levels of M2- (B) and M1-type (C) cytokines and markers in tumor tissues after treatments. (D–G) Flow cytometric analysis of the population of CD206+ M2 macrophages and CD86+ M1 macrophages (D), CD11b+Gr1+ MDSCs (E), CD4+ T cells (F), and CD8+ T cells (G) in the tumor tissues after treatments. A+T, combined treatment with 5-aza-dC and TSA. Clo, clodronate. Data represent the mean ± SD. *, P<0.05; **, P<0.01; ***, P<0.001; n.s., not significant (n=3 mice per group), as assessed using one-way ANOVA followed by Tukey’s multiple comparison post-hoc test.





CSF2RA and CD43 are candidate targets of miR-7083-5p involved in the M2- to M1-type macrophage reprogramming

TargetScan database analysis was carried out to predict candidate target genes of miR-7083-5p (Supplementary Table 3). Functional enrichment analysis of the 33 predicted genes using DAVID software (24) indicated four genes (cd43, csf2ra, parp3, and satb1) involved in immune/inflammatory response (Figure 7A). Of the four genes, we further focused on the genes with high expression in the monocytes/macrophages from The Human Protein Atlas (25) and selected two genes, cd43 and csf2ra (Figure 7B). CSF2RA, also known as granulocyte-macrophage colony-stimulating factor receptor alpha, and CD43, also known as sialophorin or leukocyte marker, are expressed in macrophages and are involved in tumor progression (26–31). To examine the targeting of the mRNAs of csf2ra and cd43 genes by miR-7083-5p, HEK293T cells were transfected with a luciferase reporter vector inserted with csf2ra- or cd43-3′-UTR, in the absence or presence of miR-7083-5p or a scrambled control (Figure 7C). Transfection of miR-7083-5p reduced both CSF2RA and CD43 luciferase reporter activities, as compared to transfection with a scrambled control in HEK293T cells (Figure 7D). To further examine the role for miR-7083-5p in the regulation of CSF2RA and CD43 expression, M2 macrophages were transfected with miR-7083-5p. Flow cytometry and qRT-PCR analysis showed that the upregulation of miR-7083-5p reduced the protein (Figure 7E) and mRNA (Figure 7F and Supplementary Figure 9A) levels of CSF2RA and CD43 in the transfected M2 macrophages, as compared to those in the M2 and M1 macrophages). Moreover, the mRNA levels of csf2ra and cd43 were significantly lower in the tumor tissues of mice bearing 4T1 (Figure 7G and Supplementary Figure 9B) and LLC (Figure 7H and Supplementary Figure 9C) tumors after treatment with the combination of 5-aza-dC and TSA than those seen upon either therapy alone.




Figure 7 | CSF2RA and CD43 are downregulated by miR-7083-5p as candidate targets. (A) Functional categorization of 33 predicted targets of miR-7083-5p. Functional enrichment analysis were performed using DAVID software. (B) Normalized expression levels of the four immune/inflammatory response-related genes from the Human Protein Atlas. (C) Experimental schemes of reporter assays using pmirGLO dual-luciferase miRNA target expression vector inserted with CSF2RA- or CD43-3′-UTR and a control (Ctrl) vector. (D) Firefly luciferase activity normalized to Renilla luciferase activity (FF/R) of HEK293T cells transfected with the pmirGLO luciferase reporter in the absence or presence of miR-7083-5p or a scrambled control. (E) Flow cytometric analysis of CSF2RA and CD43 expression levels in M2 macrophages (M2) after transfection with miR-7083-5p (M2mi). M1 macrophages (M1) were used as control. (F) qRT-PCR analysis of relative mRNA levels of csf2ra and cd43 in M2 macrophages after transfection with miR-7083-5p. (G, H) qRT-PCR analysis of the relative mRNA levels of csf2ra and cd43 in 4T1 (G) and LLC (H) tumor tissues after treatments with 5-aza-dC (referred as A) and TSA (referred as T), alone or in combination (A+T). Data have been presented as the mean ± S.D. of three separate experiments performed in five replicates. *, P<0.05; **, P<0.01; ***, P<0.001; n.s., not significant, as assessed using two-way ANOVA followed by Bonferroni multiple comparisons post-hoc test (B) and one-way ANOVA followed by Tukey’s multiple comparison post-hoc test (C–F).






Discussion

This study showed that epigenetic therapy with the combination of 5-aza-dC and TSA repolarized the M2-type TAMs towards M1-like macrophages in the tumor microenvironment by upregulating miR-7083-5p expression. Epigenetic therapy-induced macrophage repolarization contributes to the improvement of anti-tumor immunity, including a decrease in the expression of immune-suppressive cytokines and MDSC population and an increase in the expression of immune-stimulatory cytokines and CD8+ T cell population, leading to the inhibition of tumor growth in mouse models of breast and lung tumors. In addition, this study showed that the candidate targets involved in M2 to M1 repolarization, CSF2RA and CD43, are downregulated by miR-7083-5p in M2 macrophages. This study is the first to show that miR-7083-5p plays a role in macrophage polarization, by combined inhibition of DNA methylation and histone deacetylation, and suggests miR-7083-5p as a new tool for reprogramming TAMs for cancer immunotherapy. However, given that certain types of tumors (e.g., colitis-associated colon cancer) are driven by inflammation, there may be limitations to inhibiting tumor growth by reprogramming M2 macrophages to M1-like phenotype and inducing inflammation.

Combined or simultaneous inhibition of DNA methylation and histone deacetylation regulates diverse cell types, including tumor cells, MDSCs, and TAMs, in the tumor microenvironment. For instance, simultaneous inhibition of DNA methylation by 5-aza-dC and histone deacetylation by 4-phenylbutyryl acid in tumor cells upregulates miR-127 expression and downregulates the expression of proto-oncogene bcl6, thereby highlighting miR-127 as a tumor suppressor (32). Treatment with the combination of low doses of 5-aza-dC and the HDAC inhibitor entinostat (0.5 mg/kg body weight per day and 5 mg/kg body weight per day, respectively) skews monocytic MDSCs towards a lung interstitial macrophage-like phenotype in the lung pre-metastatic microenvironment and contributes to the disruption of pre-metastatic niches (33). In the same context, we showed that treatment with 5-aza-dC and TSA (1 mg/kg body weight per day and 0.3 mg/kg body weight per day, respectively) synergistically promoted the reprogramming of M2-type TAMs into an M1-like phenotype, through upregulation of miR-7083-5p expression in M2 macrophages. Interestingly, miR-7083-5p was upregulated only in M2 macrophages treated with 5-aza-dC and TSA in combination but not in M1 macrophages, unlike miR-7043-5p and miR-184-3p, which were highly expressed in both cell types. In addition, the CM of M2 macrophages treated with the combination of 5-aza-dC and TSA exerted higher levels of cytotoxicity in tumor cells and, more importantly, sensitized tumor cells to paclitaxel, as compared to that treated with either therapy alone. These findings suggest a combination of chemotherapy with epigenetic regulators and paclitaxel for the management of cancer in the clinic.

Several factors involved in macrophage recruitment and polarization have been reported. CSF-1, also known as macrophage colony-stimulating factor, regulates macrophage survival and function through the downstream transcription factor ETS2 (34). Genetic depletion of CSF-1 reduces TAM levels and the incidence of lung metastasis (34). Depletion of ETS2 in TAMs reduces metastasis in mouse breast tumor models (35). The CSF-1 and ETS2 pathways upregulate certain oncogenic miRNAs, including miR-223, miR-21, miR-29a, and miR-142-3p, which promote the pro-tumoral functions of TAMs (14, 36). In addition, CXCL12 and CXCR4 contribute to macrophage recruitment and are downregulated by miR-222 overexpression in TAMs (37). Furthermore, upregulation of the NF-kB p50 transcription factor in TAMs inhibits M1 inflammatory responses (38). We showed that CSF2RA and CD43 were downregulated by miR-7083-5p, suggesting that they play a role in the repolarization of M2 macrophages towards an M1-like phenotype, via epigenetic therapy and the miR-7083-5p axis. CSF2RA is involved in the proliferation, differentiation, and activation of hematopoietic cells (27). It is also involved in the progression of triple negative breast cancer cells (39). CD43 is involved in cell adhesion and migration, and is downregulated by the tumor suppressor p53, suggesting its role in tumorigenesis (26, 30, 40). These findings suggest that downregulation of CSF2RA and CD43 is involved in miR7083-5p-mediated M2 to M1 macrophage reprogramming, and contributes to the inhibition of tumor growth. Further studies are needed to identify the downstream pathways of CSF2RA and CD43 involved in macrophage polarization.

Taken together, the combined inhibition of DNA methylation and histone deacetylation may exert anti-tumor growth activity in two ways: it induces epigenetic changes in tumor cells and directly inhibits tumor growth; in contrast, it induces miRNAs that are involved in reprogramming M2-type TAM into an M1-like phenotype, thus paving the way for better immune surveillance in the tumor microenvironment.
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