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Abstract

:

Antimicrobial peptides (AMPs) are components of the innate immune system and form the first defense against pathogens for various organisms. In the present study, we assessed whether CSP32, a novel AMP oligomer of bacitracin isolated from a strain of Bacillus spp., regulates the polarization of murine macrophage-like RAW 264.7 cells. CSP32 stimulated phagocytosis while inducing the appearance of the typical M1 polarized macrophage phenotype; these M1 macrophages play a role in host defense against pathogens. Furthermore, our results showed that CSP32 enhanced the expression and production of pro-inflammatory mediators, such as cytokines and chemokines. In addition, the CSP32-stimulated inflammatory mediators were induced mainly by the mitogen-activated protein kinase/nuclear factor kappa B (MAPK/NF-κB) signaling pathway during M1 macrophage polarization. In particular, CSP32 markedly increased the numbers of Ca2+-positive macrophages while upregulating phospholipase C and activating protein kinase Cε. Furthermore, the inhibition of intracellular Ca2+ by BAPTA-AM, a Ca2+ chelator, significantly suppressed the CSP32-mediated phagocytosis, inflammatory mediator production, and NF-κB activation. In conclusion, our data suggested that CSP32-stimulated M1 macrophage polarization is dependent on the calcium signaling pathway and may result in enhanced immune capacities.
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1. Introduction


Macrophages are phagocytic cells of the immune system that are located in various tissues [1]. In innate and adaptive immunity, macrophages are responsible for defending against pathogens and are involved in the recognition, processing, and presentation of antigens to T cells [2,3]. Macrophage polarization (MP) is a process by which different phenotypes, functions, and transcriptional profiles are obtained in response to surrounding microenvironmental signals; macrophages are commonly polarized into two distinct subsets, namely, M1 and M2 [4,5]. Classically activated M1 macrophages play a role in host defense against pathogens and are able to inhibit immunosuppressive cells and promote T helper type 1 (Th1) responses through the production of pro-inflammatory and Th1 cytokines [3,6]. By contrast, alternatively activated M2 macrophages are involved in the anti-inflammatory response through the secretion of Th2 cytokines and anti-inflammatory cytokines [5]. It is known that the balance of M1/M2 polarization governs the fate of the immune system, injury and inflammation in organs [7]. In this regard, macrophages initially exhibit the M1 phenotype in response to infection, and the stimulation of the immune system via the acquisition of the M1 polarized macrophage phenotype is one of the key strategies to enhance the human defense system.



Antimicrobial peptides (AMPs) exist in various organisms and act as host defense peptides that have potent antimicrobial activity against bacteria, fungi, and viruses [8,9]. AMPs are components of innate immunity, and these peptides can bind to the cell membrane of pathogens, leading to the destruction of the cell membrane, permeation of proteins, and destruction of cell morphology, eventually resulting in cell death [8]. Bacillus has been found in almost all environments, including plants, animals, soil, and seawater [10]. Bacillus has various phenotypes, including Gram-positive or Gram-variable, aerobic or facultative anaerobic, and rod-shaped or endospore-forming bacteria [11]. Bacillus spp. are a rich source of AMPs that served as an efficient source of antibiotic. [12,13]. For these reasons, Bacillus spp. are widely used in numerous biotechnological fields, including the pharmaceutical and food industries [12,14]. Recently, Choi et al. showed that CSP32 was purified from a strain of Bacillus spp., which was isolated from traditional Korean fermented foods, and that CSP32 is a novel oligomer of bacitracin [15]. CSP32 has a molecular mass of 5697.9 Da and the first 12 amino acids of the N terminus of CSP32 were found to be APLEXXIFHDN. The sequence has a high degree of similarity to bacitracin, which is an antibiotic produced by certain species [15]. Furthermore, we have demonstrated that CSP32 has antimicrobial activity against methicillin-resistant Staphylococcus aureus, vancomycin-resistant S. aureus, vancomycin-resistant enterococci, Propionibacterium acne and Clostridium difficile, and anti-inflammatory properties in lipopolysaccharide (LPS)-induced inflammation in RAW 264.7 macrophage cells [15]. Based on these results, the aim of the current study was to investigate the effect of CSP32, a novel peptide oligomer of bacitracin from a strain of Bacillus spp., on immune responses. To evaluate the effect of CSP32 on immunity, we assessed whether CSP32 regulates the polarization of murine macrophage-like RAW 264.7 cells.




2. Materials and Methods


2.1. Chemicals and Reagents


Lipopolysaccharide (LPS; Escherichia coli Serotype, 055: B5), sulfanilamide, N-(1-Naphthyl) ethylenediamine dihydrochloride (NED), BAPTA-AM, 4′,6-diamidino-2-phenylindole (DAPI), U73122 and phosphoric acid were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Fluo-3-AM and NE-PER Nuclear/Cytoplasmic Extraction Reagents were obtained from Thermo Fisher Scientific Inc. (Waltham, MA, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 5,6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA) were obtained from Invitrogen (Carlsbad, CA, USA). Interleukin (IL)-1β (catalog No. MLB00C), monocyte chemoattractant protein (MCP)-1 (catalog no. MJE00) and tumor necrosis factor (TNF)-α (catalog no. SMTA00B) enzyme-linked immunosorbent assay (ELISA) kits were purchased from R&D Systems, Inc. (Minneapolis, MN, USA). A prostaglandin E2 (PGE2) ELISA kit (catalog no. 500141) and phagocytosis assay kit (catalog no. 500290) were obtained from Cayman Chemical (Ann Arbor, MI, USA). A nuclear factor kappa B (NF-κB) p65 transcription factor assay kit (catalog no. ab133112) was purchased from Abcam Inc. (Cambridge, UK).




2.2. Preparation of CSP32


CSP32 was isolated and purified from newly isolated Bacillus spp. CS32 as previously described [15]. Prior to use in the experiments, CSP32 was dissolved in distilled water and diluted to the required concentrations in culture medium just before use.




2.3. Cell Culture and Viability Analysis


Murine macrophage-like RAW 264.7 cells were obtained from the Korea Cell Line Bank (Seoul, Korea) and were cultured in Dulbecco’s modified Eagle’s medium (DMEM; WelGENE Inc., Daegu, Korea) supplemented with 10% fetal bovine serum (FBS, WelGENE Inc.). The RAW 264.7 cells were grown to 80–90% confluence and maintained in an incubator at 37 °C in an atmosphere of 5% CO2. The cell viability was assessed by MTT as previously described [16]. In brief, RAW 264.7 cells were seeded on 96-well plates at a density of 1 × 104 cells/well and incubated for 24 h. The cells were treated with the desired concentrations of CSP32 (17.6 and 88.0 μM) and l ng/mL LPS. A super-low dose of LPS (<1 ng/mL) is the physiologically relevant concentration that was used as a positive control [17,18]. After 24 h, the cells were incubated with 50 μg/mL MTT solution for 2 h, dissolved in dimethylsulfoxide (Sigma-Aldrich Chemical Co.), and then analyzed at 540 nm by a microplate reader (VERSA Max, Molecular Device Co., Sunnyvale, CA, USA).




2.4. Nitic Oxide (NO) Assay


RAW 264.7 cells were seeded on 6-well plates at a density of 4 × 105 cells/well, and incubated for 24 h. The cells were treated with CSP32 and l ng/mL LPS for 24 h, and then, the culture supernatants were harvested to assess the NO levels. The NO levels were measured by the Griess reaction, and the optical absorbance was detected at 540 nm using a microplate reader [19].




2.5. Phagocytosis Analysis


As described previously, the phagocytic activity was measured using a phagocytosis assay kit [20]. In brief, RAW 264.7 cells were seeded on 6-well plates at a density of 4 × 105 cells/well, and incubated for 24 h. The cells were treated with CSP32 and l ng/mL LPS for 24 h, and then, a fluorescently labeled latex bead-rabbit IgG-FITC complex was added for 2 h. The cells were washed and treated with 40 μM DAPI. After incubation for 10 min, the fluorescence intensity was assessed by flow cytometry and fluorescence microscopy (Leica Microsystems, Wentzler, Germany).




2.6. Gene Expression Microarray Analysis


The nCounter SPRINT platform (NanoString Technologies, Inc. Seattle, WA, USA) was used to analyze the gene expression by microarray, as described previously [21]. Briefly, RAW 264.7 cells were seeded on 6-well plates at a density of 4 × 105 cells/well, and incubated for 24 h. The cells were treated with CSP32 and l ng/mL LPS for 24 h, and then, the total RNA was isolated by TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. To evaluate for RNA condition, all samples were performed quality control test and quantitative analysis using AATI fragment analyzer (Agilent Technologies, Santa Clara, CA, USA) and DS-11 spectrophotometer (DeNovix Inc., Wilmington, DE, USA). After solution-phase hybridization between the target mRNA and reporter-capture probe pairs, the excess probe was removed, and the probe/target complexes were aligned and immobilized in the nCounter cartridge (NCT-120), which was then placed in a digital analyzer for image acquisition and data processing. The raw data were normalized with 14 housekeeping genes, including ALAS1, EEF1G, G6PDX, GAPDH, GUSB, HPRT, OAZ1, POLR1B, POLR2A, PPIA, RPI19, SDHA, TBP, and TUBB5. Fold change data was log2-transformed and log2 fold-change cut-offs of −2.5 and 2.5 (red and green, respectively) in the expression of the selected genes are presented in a heat map.




2.7. Levels of TNF-α, Interleukin (IL)-1β, MCP-1, and PGE2


RAW 264.7 cells were seeded on 6-well plates at a density of 4 × 105 cells/well, and incubated for 24 h. The cells were treated with CSP32 and l ng/mL LPS for 24 h, and then, the culture supernatants were harvested to analyze the levels of TNF-α, IL-1β, MCP-1, and PGE2 according to the manufacturer’s instructions.




2.8. Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)


RAW 264.7 cells were seeded on 6-well plates at a density of 4 × 105 cells/well, and incubated for 24 h. The cells were treated with CSP32 and l ng/mL LPS for 24 h, and then, the total RNA was isolated from the cells using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. cDNA was synthesized using the AccuPower® PCR PreMix (Bioneer, Daejeon, Korea), as previously described [22]. The primer sequences used were as follows: cyclooxygenase-2 (COX-2; GenBank ID: NM-011198), sense (5′- GCGACATACTCAAGCAGGAGCA-3′) and antisense (5′- AGTGGTAACCGCTCAGGTGTTG-3′); glyceraldehyde 3-phosphate dehydrogenase (GAPDH, GenBank ID: NM-008084), sense (5′-CATCACTGCCACCCAGAAGACTG-3′) and antisense (5′-ATGCCAGTGAGCTTCCCGTTCAG-3′); IL-1β (GenBank ID: NM-008361), sense (5′-TGGACCTTCCAGGATGAGGACA-3′) and antisense (5′-GTTCATCTCGGAGCCTGTAGTG-3′); IL-6 (GenBank ID: NM-031168), sense (5′-TACCACTTCACAAGTCGGAGGC-3′) and antisense (5′- CTGCAAGTGCATCATCGTTGTTC-3′); inducible nitric oxide synthase (iNOS, GenBank ID: NM-010927), sense (5′- GAGACAGGGAAGTCTGAAGCAC-3′), and antisense (5′- CCAGCAGTAGTTGCTCCTCTTC-3′); and TNF-α (GenBank ID: NM-013693), sense (5′-GGTGCCTATGTCTCAGCCTCTT-3′) and antisense (5′-GCCATAGAACTGATGAGAGGGAG-3′). The PCR products were separated by 1% agarose gel electrophoresis and stained with ethidium bromide (Sigma-Aldrich Chemical Co.), and the gels were visualized with UV illumination. The immunoreactive bands were visualized by a Fusion FX Image system (Vilber Lourmat, Torcy, France). Densitometric analysis of the data was performed using the ImageJ® software (v1.48, NIH, Bethesda, MD, USA).




2.9. Western Blot Analysis


RAW 264.7 cells were seeded on 100 mm culture dish at a density of 2 × 106 cells/well, and incubated for 24 h. The cells were treated with CSP32 and l ng/mL LPS for 24 h, and then, the total protein was extracted from the cells using a Bradford protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). A total of 40 μg of protein was separated by sodium-dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Merck Millipore, Bedford, MA, USA). The membranes were blocked using 5% skim milk in Tris-buffered saline containing 0.1% Triton X-100 (TBST) at room temperature (RT) for 1 h and probed with specific primary antibodies at 4 °C overnight. Subsequently, the membranes were incubated with the corresponding secondary antibodies for 1 h at RT, developed, and analyzed using a Fusion FX Image system (Vilber Lourmat, Torcy, France). Densitometric analysis of the data was performed using the ImageJ® software (v1.48, NIH, Bethesda, MD, USA). The information about the antibodies is provided in Table S1.




2.10. Intracellular Calcium Analysis


RAW 264.7 cells were seeded on 6-well plates at a density of 4 × 105 cells/well, and incubated for 24 h. The cells were treated with CSP32 and l ng/mL LPS for 24 h. To investigate the CSP32- or LPS-mediated calcium trafficking, the cytosolic calcium was assessed by co-incubating the cells with 2 μM fluo-3-AM, a cell permeant Ca2+ indicator, for 30 min [23]. The changes in the cytoplasmic calcium were estimated by flow cytometry and fluorescence microscopy.




2.11. Analysis of NF-κB Activation


RAW 264.7 cells were seeded on a 100 mm culture dish at a density of 2 × 106 cells/well, and incubated for 24 h. The cells were treated with CSP32 and l ng/mL LPS for 24 h. Nuclear-cytoplasmic fractionation was performed using the NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (Thermo Fisher Scientific Inc., Rockford, IL, USA) according to the manufacturer’s protocol. The purities of the cellular fractions were determined by western blot analysis. Lamin B1 and actin served as the internal controls for the nuclear and cytoplasmic fractions, respectively. To assess the NF-κB activity, RAW 264.7 cells were seeded on 6-well plates at a density of 4 × 105 cells/well, and incubated for 24 h. The cells were treated with CSP32 and l ng/mL LPS for 24 h, and then, the nuclear fraction was analyzed using the NF-κB p65 transcription factor assay kit according to the manufacturer’s instructions. Furthermore, NF-κB p65 nuclear localization was observed by immunofluorescence assays. In brief, the cells were seeded on 4-well chamber slide (SPL Life Sciences Co., Pocheon, Korea) at a density of 2 × 105 cells/well, and incubated for 24 h. Subsequently, the cells were treated with CSP32 or LPS and then incubated with anti-NF-kB antibody at 4 °C overnight. The cells were probed with Alexa Fluor 488-labeled donkey anti-rabbit IgG (Thermo Fisher Scientific, Waltham, MA, USA) antibody for 1 h in the dark. The position of the cell nucleus was assessed with DAPI. The cells were mounted and images were captured using a fluorescence microscope.




2.12. Statistical Analysis


All the experiments were performed by conducting each assay at least three times. The data were analyzed using GraphPad Prism 5.03 (GraphPad Software Inc., La Jolla, CA, USA) and are expressed as the mean ± standard deviation (SD). The statistical analyses were conducted using analysis of variance (ANOVA) and Tukey’s test to examine between-group differences, and p < 0.05 was considered significant.





3. Results


3.1. CSP32 Induced Morphological Changes and Phagocytosis of Macrophages


To estimate the effect of CSP32 on cell viability, cells were incubated with CSP32 for 24 h and then treated with MTT solution for 2 h. Up to 88.0 μM of CSP32 exerted no cytotoxicity in RAW 264.7 cells (Figure 1A). As shown in Figure 1B, CSP32-treated cells appeared spindle-shaped with elongated filopodia, whereas untreated cells exhibited a round form. Meanwhile, 1 ng/mL LPS, a positive control, did not affect cell viability and caused the cells to adopt an irregular shape. To investigate the effect of CSP32 on phagocytosis, the cells were treated with CSP32 or LPS for 24 h, after which the intensity of the fluorescently labeled FITC-conjugated latex bead complex was assessed using flow cytometry and fluorescence microscopy. Immunological phagocytic recognition by monocytes and macrophages can be mediated by cell surface receptor for IgG, IgM, and a modified component of complement [24]. The quantification of phagocytic cells via flow cytometry indicated that macrophages treated with 17.6 μM and 88.0 μM CSP32 exhibited markedly elevated phagocytosis by approximately 15-fold and 20-fold compared with the control, respectively (Figure 1C,D). In addition, when the cells were incubated with CSP32, the macrophages contained a substantially higher percentage of FITC-IgG-positive phagocytosing cells (Figure 1E). LPS also enhanced the phagocytosis activity by up to 14-fold compared with the control treatment, and the levels were similar to those of the 17.6 μM CSP32 treatment.




3.2. CSP32 Upregulated the Expression of Macrophage Polarization-Related Genes


We assessed the profile of macrophage polarization-related gene expression using the nCounter SPRINT platform. Figure 2A shows the heatmap of the selected genes and fold changes in the expression of these genes in the treated cells compared with the untreated cells. CSP32 upregulated the expression of interleukins, CC chemokine ligands (CCLs), cluster of differentiation and immune regulatory genes, and the levels of these genes were enhanced by over 1.5-fold compared with those in the control cells. Clearly, the expression levels of the CCL genes, including CCL1~9, CCL12, and CCL 22, were markedly increased by 3.72-log2-fold in the CSP32-treated cells (Figure 2B). In addition, 88.0 μM CSP32 increased the expression of the cluster of differentiation and immune regulatory genes by 1.99-log2-fold and 3.08-log2-fold, respectively (Figure 2B). Specifically, the expression levels of markers of M1 macrophages, such as iNOS and PGE2, were remarkably increased by CSP32 treatment (Figure 2A). Moreover, the M1 phenotype-related NF-κB signaling pathway was substantially upregulated in the CSP32-treated cells. In addition, the levels of genes related to the Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway were slightly upregulated by 1.74-log2-fold due to CSP32 treatment. Moreover, LPS also increased the expression of inflammatory mediators, including cytokines and chemokines. Meanwhile, CSP32-treated cells downregulated the expression of anti-inflammatory factors, including protein tyrosine phosphatase non-receptor type 2 (PTPN2), PTPN6, and triggering receptor expressed on myeloid cells 2 (TREM2). Furthermore, the expression of apoptosis-regulatory genes also suppressed by CSP32 (Figure 2B). A basis for the histogram of Figure 2B provided in Figure S1.




3.3. CSP32 Increased the Levels of Markers of M1 Macrophages


Based on the microarray gene expression results, we subsequently validated whether CSP32 upregulated the secretion and expression of M1 macrophage markers. Figure 3A shows that the amount of NO was significantly increased by CSP32 in a dose-dependent manner (17.6 μM CSP32: 5.73 ± 0.25, 2.86-fold of control, p < 0.05; 88.0 μM CSP32: 9.18 ± 0.34, 4.59-fold of control, p < 0.01) but was not changed by LPS. Furthermore, the ELISA results showed that the levels of markers of M1 macrophages—including PGE2, TNF-α, IL-1β, and MCP-1—were remarkably enhanced by CSP32 and LPS (Figure 3B–E). To further validate the expression of representative markers of M1 macrophages, RT-PCR and western blot analysis were employed to assess the expression of iNOS, COX-2, TNF-α, and IL-1β. Our results showed that the mRNA and protein expression levels of M1 markers were markedly increased by CSP32 treatment, and this finding is consistent with the ELISA results (Figure 3F–I).




3.4. CSP32 Activated the MAPKs and NF-κB Signaling Pathways in Macrophages


Following the microarray analyses, we verified that the expression of genes related to the JAK, STAT, MAPKs, and NF-κB signaling pathways was upregulated in CSP32-treated cells. Based on this result, we next confirmed the effect of CSP32 on the expression of proteins related to the JAK/STAT and MAPK/NF-κB signaling pathways according to time point and concentration. The phosphorylation of extracellular signal-regulated kinase (ERK) and p38 MAPK was markedly increased at 2 h following 88.0 μM CSP32 treatment, while the phosphorylation of c-Jun N-terminal kinases (JNK) was highest at 1 h (Figure 4A,B). In addition, we verified that both 17.6 μM and 88.0 μM CSP32 also increased the phosphorylation of ERK, JNK, and p38 after 1 h of treatment (Figure 4C,D). In Figure 4E,F, we showed that CSP32 simultaneously upregulated the expression of nuclear NF-κB p65. This CSP32-mediated NF-κB p65 activation was reconfirmed by analysis of NF-κB p65 binding activity. Our data showed that CSP32 significantly increased the NF-κB p65 binding activity in the nucleus (Figure 4G). Moreover, LPS also enhanced the NF-κB p65 binding activity in the nucleus.




3.5. CSP32 Stimulated Cytosolic Ca2+ Influx During M1 Polarization


We examined the effect of CSP32 on Ca2+ concentrations, as indicated by fluo-3-AM fluorescence intensity and analyzed by flow cytometry. As shown in Figure 5A, CSP32 increased the cytosolic Ca2+ concentration in a dose-dependent manner. Moreover, to reconfirm the influence of CSP32 on the changes in calcium concentrations, we observed calcium concentrations under fluorescence microscopy. Consistent with the flow cytometry results, CSP32 increased the number of fluo-3-AM-positive RAW264.7 cells, whereas LPS slightly upregulated the fluorescence intensity (Figure 5B). We next investigated whether the phospholipase C (PLC)/protein kinase C (PKC) signaling pathway is involved in the CSP32-mediated intracellular Ca2+ influx. In the present study, we found that the expression of PLCγ1 was upregulated to approximately 1.68-fold of control by 88.0 μM CSP32 within 2 h (Figure 5C,D). Furthermore, CSP32 gradually upregulated the expression of PKCε but not classical PKCs, including PKCα and PKCβ. However, these alterations in the expression of PLCγ1 and PKCε were completely downregulated at 24 h. Additionally, to evaluate whether the inhibition of PLC impact the signaling pathways triggered by CSP32, we have performed additional test using U73122, a PKC inhibitor. As a result, we found that pre-treatment of 10 μM U73122 markedly blocked the upregulation of CPS32-mediated PLC and PKCε. In addition, we found that U73122 significantly downregulated the expression of CSP32-induced MAPK/NF-κB signaling pathway (Figure S2). Based on this result, we confirmed that CSP32-stimulated M1 polarization is dependent on the PLCγ signaling pathway.




3.6. CSP32-Mediated Ca2+ Influx Regulated M1 Polarization


Based on the results showing that CSP32 induced the cytosolic Ca2+ influx, we verified whether Ca2+ directly regulates CSP32-induced M1 polarization. Our findings showed that pretreatment with BAPTA-AM, a Ca2+ chelator, significantly suppressed the CSP32-induced NO production (Figure 6A) and iNOS expression (Figure 6C,D). In addition, the upregulation of phagocytosis activity by CSP32 treatment was also markedly suppressed in the BAPTA-AM-coincubated cells (Figure 6B). BAPTA-AM treatment also markedly suppressed the LPS-induced phagocytosis activity. Furthermore, we found that pretreatment with BAPTA-AM reversed the upregulation of nuclear NF-κB p65 and the downregulation of cytosolic NF-κB p65 following CSP32 (Figure 6E,F). These results coincide with the results of the immunofluorescence assay (Figure 6G).





4. Discussion


Macrophages are effector cells of the innate immune system that phagocytose pathogens and then coordinate the adaptive immune response [25,26]. Phagocytosis by macrophages, which is a representative feature of activated macrophages, plays a critical role in the uptake and degradation of pathogens and senescent cells. [25]. Several studies have demonstrated that AMPs affect the phagocytic capacity of macrophages and thus regulate immunity [27,28,29]. Wang et al. reported that sublancin, a glucosylated AMP isolated from Bacillus subtilis 168, significantly enhanced the phagocytic activity of macrophages in vivo and in vitro [24]. In addition, Wan et al. demonstrated that LL-37 is a 37 amino acid cationic AMP that increases phagocytosis by human macrophages [28]. Furthermore, it is known that retrocyclins, humanized analogs of the theta-defensin AMP, also enhance phagocytosis by macrophages [29]. Consistent with the above notions, our results suggested that CSP32 stimulated phagocytosis while inducing the appearance of a typical M1 polarized macrophage phenotype that included spindle-like morphology with elongated filopodia (Figure 1).



It is known that activated macrophages phagocytose the inflammasome complex to further induce inflammation [26]. M1 macrophages are stimulated by Toll-like receptor (TLR) ligands and/or Th1 cytokines, including LPS, interferon-γ (IFN-γ), and TNF-α [5]. These macrophages produce and release high levels of pro-inflammatory cytokines (e.g., IL-1α, IL-1β, IL-6, IL-12, IL-23, TNF-α, and COX-2), chemokines (e.g., CXCL1-3, CXCL-5, and CXCL8-10), NO, and reactive oxygen species [5]. Interestingly, AMP can encourage both innate immunity by interacting with TLRs and acquired immunity by acting as adjuvants [30,31]. Furthermore, AMPs regulate the expression of chemokine and chemokine receptors in macrophages and produce the secretion of cytokines or chemokines by different immune cells [32]. To investigate whether CSP32 modulates the production and secretion of M1 macrophage-stimulated proinflammatory mediators, we performed gene expression microarray, RT-PCR, ELISA, and western blot analyses. Our results showed that CSP32 significantly enhanced the expression and secretion of markers for M1 macrophages, including pro-inflammatory cytokines and chemokines genes (Figure 2 and Figure 3). In particular, the secretion levels of pro-inflammatory mediators, such as NO, PGE2, TNF-α, IL-1β, and MCP-1, were markedly elevated by CSP32, and this finding is consistent with the expression of mRNA and protein. On the contrary, CSP32 downregulated the expression of anti-inflammatory genes and apoptosis regulatory genes (Figure 2). In fact, apoptotic cells are divers of M2-like activation of macrophage and suppress anti-tumor activity of M1 macrophages. Apoptosis-mediated M1 suppression could lead to repolarization from M1 to M2-like tumor supportive cells [33]. In respect, our finding suggested that CSP32 suppressed M2 polarization which is characterized by anti-inflammation and apoptosis.



The interrelated actions of various inflammatory mediators, signaling molecules, and transcriptional factors are involved in MP regulation [34]. It is well known that the canonical IFN-recognition factor (IRF)/STAT signaling pathway is critical in MP regulation. INF-γ triggers the JAK/STAT (e.g., STAT 1 and STAT3) signaling pathway, subsequently promoting target inflammatory genes, such as IL-12 and NO [35,36]. Moreover, activated STAT signaling is involved in TLR4/NF-κB-mediated transcription of target genes, and these signals culminate in the production of M1-associated inflammatory mediators [7]. In this regard, numerous studies have established that the activation of the NF-κB signaling pathway accounts for M1 macrophages that subsequently mediate inflammation [37,38]. Li et al. demonstrated that cathelicidin-related AMPs are important effectors of innate immunity and induce the recruitment of inflammatory cells through the NF-κB p65/RelA signaling pathway [39]. More recently, it was reported that glucosylated AMP modulates immunity by inducing proinflammatory mediators, which are partly dependent on the TLR4/MAPK/NF-κB signaling pathway [27]. Herein, our findings showed that CSP32 markedly upregulated the gene expression of IRFs, JAKs, STATs, and NF-κB according to the results of the nCounter microarray (Figure 2). In addition, our results clearly demonstrated that CSP32 induced NF-κB activation through phosphorylation of its upstream MAPK signaling molecules (Figure 4). Taken together, these data indicated that CSP32-stimulated inflammatory mediators can be partially mediated by the JAK/STAT signaling pathway and mainly mediated by the MAPK/NF-κB signaling pathway during M1 macrophage polarization. However, the upstream factors interacting with the MAPK/NF-κB signaling pathways, which culminate in CSP32-mediated M1 macrophages, are poorly understood. Thus, we focused on the change in intracellular Ca2+ during the process of CSP-induced M1 polarization.



Intracellular Ca2+ is an important divalent cation that controls many cellular functions, such as cell plasticity, development, cell proliferation, and differentiation [40]. It is well known that the PLC/inositol 1,4,5-trisphosphate (IP3)/diacylglycerol (DAG) signaling pathway activates PKCs and Ca2+ signals [41]. Interestingly, increased levels of intracellular Ca2+ promote immune functions, and decreased intracellular Ca2+ suppresses phagocytosis and the production of inflammatory mediators in the J774 macrophage cell line [42,43]. As shown in Figure 5A,B, CSP32 markedly increased both the population and the expression of Ca2+-positive macrophages. In addition, our findings showed that CSP32 upregulated the PLCγ/PKCε signaling pathway, which is well known to be upstream of calcium signaling (Figure 5C). Furthermore, inhibition of intracellular Ca2+ by BAPTA-AM significantly suppressed CSP32-mediated phagocytosis, inflammatory mediator production, and NF-κB activation (Figure 6). Cytosolic Ca2+ changes occur mainly due to the release of Ca2+ from endoplasmic reticulum stores (ER) and due to influx through the plasma membrane Ca2+, which represent store-operated Ca2+ entry (SOCE) [44]. Accumulating studies have focused on the role of Ca2+ release-activated Ca2+ (CRAC) channels in immune cell function, but their role in the macrophage responses to regulate immunity is limited [45]. In 2018, Chauhan et al. demonstrated that transient receptor potential canonical channel (TRPC) 1-mediated Ca2+ influx is essential for the induction of MP to the M1 inflammatory phenotype, while ORAI1 (a gene encoding CRAC)-mediated basal Ca2+ influx regulated naive macrophages [46]. Although we show that CSP32 enhances Ca2+ influx and ultimately induces M1 polarization via the NF-κB signaling pathway, the study design does not address which calcium channels contribute to the CSP32 stimulation-induced Ca2+ influx. Therefore, further studies are required to investigate the release and influx of Ca2+ from the ER and plasma membrane and to assess the expression of calcium channels in the development of CSP32-stimulated M1 inflammatory macrophages.




5. Conclusions


Taken together, CSP32 enhanced phagocytosis and inflammation via the NF-κB signaling pathway and led to M1 macrophage polarization. Importantly, CSP32-stimulated M1 polarization is dependent on the PLCγ/PKCε/calcium signaling pathway (Figure 7). Our findings suggested that CSP32 induced M1 macrophage polarization via the intracellular Ca2+ influx and may result in enhanced immune capacities. Although further studies are needed to identify the calcium channels in CSP32-stimulated macrophages, it is worth noting that the immune-enhancing effect of CSP32 is dependent on the calcium signaling pathway. Furthermore, further studies are needed to accurately establish whether CSP32 has an immune-enhancing effect in human-derived M1 and M2 polarized cell lines, such as GM-CSF and M-CSF cells.
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Figure 1. CSP32 induced morphological changes and phagocytosis of macrophages. Cells were treated with the indicated concentrations of CSP32 and LPS for 24 h. (A) Cell viability was assessed by MTT assay. (B) Representative microscopy images of morphological changes. (C,D) Representative flow cytometric histogram and quantitative analysis of the phagocytosis capacity using fluorescent FITC-IgG latex beads. Data are expressed as the mean ± SD (n = 4). ** p < 0.01 compared with the control. (E) The phagocytic cells were visualized by fluorescence microscopy. The nuclei were stained with DAPI. Scale bar; 200 μm. 
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Figure 2. Microarray gene expression analysis of CSP32 in macrophages. Total RNA was collected by harvesting the CSP32- and LPS-treated cells after 24 h (n = 2). (A) Microarray heatmap representing the log2 fold-change of macrophage polarization-regulated gene expression. Data are expressed as a cut-off of −2.5 to 2.5 (red to green, respectively). (B) Histogram shows the upregulated genes (upper panel) and downregulated genes (bottom panel) ranked by log2 fold-change in expression between untreated cells and 88.0 μM CSP32-treated cells. 
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Figure 3. CSP32 increased the levels of markers for M1 macrophages. Cells were treated with the indicated concentrations of CSP32 and LPS for 24 h. (A) The amount of NO in the cell supernatant was measured using Griess reagents. The levels of PGE2 (B), TNF-α (C), IL-1β (D), and MCP-1 (E) in the culture supernatants were measured by ELISA kits. Data are expressed as the mean ± SD (n = 4). * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the control. mRNA (F) and protein (G) expression of markers of M1 macrophages, including iNOS, COX-2, TNF-α, and IL-1β. GAPDH and β-actin were used as internal controls for RT-PCR and western blotting. Quantitative analysis of mRNA (H) and protein (I) expression. The expression of each protein was indicated as a fold change relative to the control. Data are expressed as the mean ± SD (n = 3). * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with the control. 






Figure 3. CSP32 increased the levels of markers for M1 macrophages. Cells were treated with the indicated concentrations of CSP32 and LPS for 24 h. (A) The amount of NO in the cell supernatant was measured using Griess reagents. The levels of PGE2 (B), TNF-α (C), IL-1β (D), and MCP-1 (E) in the culture supernatants were measured by ELISA kits. Data are expressed as the mean ± SD (n = 4). * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the control. mRNA (F) and protein (G) expression of markers of M1 macrophages, including iNOS, COX-2, TNF-α, and IL-1β. GAPDH and β-actin were used as internal controls for RT-PCR and western blotting. Quantitative analysis of mRNA (H) and protein (I) expression. The expression of each protein was indicated as a fold change relative to the control. Data are expressed as the mean ± SD (n = 3). * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with the control.



[image: Nutrients 12 01603 g003]







[image: Nutrients 12 01603 g004 550] 





Figure 4. CSP32 activated MAPKs and the NF-κB signaling pathway in macrophages. (A) At 0, 15 min, 30 min, 1 h, 2 h, and 24 h after CSP32 treatment, cells were harvested and lysed. (C,E) Cells were treated with the indicated concentration of CSP32 for 1 h and subsequently harvested and lysed. (A,C) Total cell lysates were examined by western blotting for ERK, JNK, and p38 MAPK phosphorylation. β-actin was used as an internal control. (E) Cytoplasmic and nuclear lysates were examined by western blotting for IκB-α and NF-κB. Actin and lamin B1 serve as the internal controls for the cytoplasmic and nuclear lysates, respectively. (B,D,F) Quantitative analysis of protein expression. The expression of each protein was indicated as a fold change relative to the control. Data are expressed as the mean ± SD (n = 3). * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with the control. (G) In nuclear lysates, NF-κB activity was analyzed using an NF-κB p65 transcription factor assay kit. Data are expressed as the mean ± SD (n = 4). * p < 0.05 and ** p < 0.01 compared with the control. 
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Figure 5. CSP32 upregulated cytosolic Ca2+ concentrations during M1 polarization. Cells were treated with the indicated concentrations of CSP32 and LPS for 24 h. Then, cells were stained with 2 μM fluo-3-AM for 30 min. (A) Representative histogram from the flow cytometric analysis of fluo-3A-M-positive macrophages following CSP32 and LPS treatment. (B) Representative fluorescence images. Scale bar; 20 μm. (C) At 0, 15 min, 30 min, 1 h, 2 h and 24 h after CSP32 treatment, cells were harvested and lysed. Total cell lysates were examined by western blotting for PLCγ1, PKCα, PKCβ, and PKCε. β-actin was used as an internal control. (D) Quantitative analysis of protein expression. The expression of each protein was indicated as a fold change relative to the control. Data are expressed as the mean ± SD (n = 3). * p < 0.05 and *** p < 0.001 compared with the control. 
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Figure 6. Ca2+ regulated CSP32-mediated M1 polarization. (A–C) Cells were pretreated with or without 5 μM BAPTA-AM for 30 min and then incubated with the indicated concentrations of CSP32 and LPS for 24 h. (A) The amount of NO in the cell supernatants was measured using Griess reagents. Data are expressed as the mean ± SD (n = 4). * p < 0.05 and ** p < 0.01 compared between the groups. (B) Representative flow cytometric histogram of the phagocytosis capacity using fluorescent FITC-IgG latex beads. (C) Protein expression of iNOS. β-actin was used as an internal control for total cell lysates. (D) Quantitative analysis of iNOS expression that was indicated as a fold change relative to the control. Data are expressed as the mean ± SD (n = 3). * p < 0.05 and *** p < 0.001 compared with the control. (E,F) Cells were pretreated with or without 5 μM BAPTA-AM for 30 min and then incubated with the indicated concentration of 5 μg/mL CSP32 for 1 h. (E) Cytoplasmic and nuclear lysates were examined by western blotting for IκB-α and NF-κB. Actin and lamin B1 serve as the internal controls for the cytoplasmic and nuclear lysates, respectively. (F) Quantitative analysis of IκBα and NF-κB p65 expression that was indicated as a fold change relative to the control. Data are expressed as the mean ± SD (n = 3). * p < 0.05 and ** p < 0.01 compared with the control. (G) Localization of NF-κB p65 (green) was visualized with fluorescence microscopy. Cells were stained with DAPI for visualization of the nuclei (blue). 
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Figure 7. CSP32 stimulates M1 polarization via the calcium-dependent NF-κB signaling pathway. 
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